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ABSTRACT
AGE-ASSOCIATED ALTERATIONS IN THE F344XBN RAT HEART AND THE
EFFICACY OF CHRONIC ACETAMINOPHEN INGESTION AS A
THERAPEUTIC APPROACH
By
Sunil K. Kakarla
Despite advances in therapeutic and diagnostic strategies cardiovascular disease
still remains the leading cause of death in older people. Recent studies suggest that agerelated elevations in oxidative stress are associated with increases in cardiac apoptosis
and compensatory hypertrophy of the remaining cardiomyocytes. Acetaminophen has
been shown to exhibit cardioprotective effects following ischemia-reperfusion injury by
acting as an antioxidant. Here, we investigate the molecular mechanisms underlying
aging associated cardiac remodeling in male F344XBN rats and examine the efficacy of
chronic acetaminophen ingestion as a therapeutic approach.
Aging in male F344XBN rats is characterized by a significant increase in heart
size, heart weight, heart weight to body weight ratio and cardiomyocytes fiber cross
sectional area. Our findings suggest that aging-associated cardiac hypertrophy in
F344XBN rats is predominantly mediated via activation of the extracellular regulated
kinase 1/2 (ERK1/2) and protein kinase B (Akt) signaling pathways resulting in increased
protein translational signaling and ultimately increased protein synthesis.
To determine the efficacy of chronic acetaminophen treatment in preventing agerelated alterations in cardiac structure and function, male F344XBN rats (27-mo; n=6)
were treated with acetaminophen (30mg/kg/day p.o.) for six months and underwent serial

electrocardiography before and after the completion of the study. Compared to 6-month
and 33-month age matched control rats, chronic acetaminophen ingestion diminished
age-related increases in cardiac ROS levels and the number of TUNEL positive nuclei.
These changes were accompanied by improvements in the Bax/Bcl2 ratio, diminished
evidence of caspase-3 activation and increased phosphorylation of Akt, ERK1/2, p70S6K
and GSK-3β. In addition, acetaminophen treatment diminished age-related increases in
the incidence of arrhythmias and these alterations were associated with diminished
fibrosis and changes in cardiac miRNA expression. Taken together, these results suggest
that acetaminophen may attenuate the age associated deterioration in cardiac structure
and function possibly via diminishing age associated elevation in reactive oxygen species
production.
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CHAPTER 1
INTRODUCTION
The number of elderly, especially in developed countries, continues to grow at a
rapid pace due to availability of better healthcare facilities and improved standards of
living. Epidemiological studies suggest that one in every four citizens of the United
States will be over the age of 65 by the year 2030. This is thought to represent an increase
of 52 million elderly individuals. Furthermore, the population of people over the age of
85 years is expected to increase by 389%, leaving a tremendous burden on the health care
system, as the incidence of cardiovascular diseases increases linearly with age [1].
Indeed, recent data has suggested that older patients account for up to a quarter of all
emergency department visits and that cardiovascular disease remains one of the frequent
presenting complaints [2].

In the United States, cardiovascular disease, e.g.,

atherosclerosis and hypertension that lead to heart failure and stroke, is the leading cause
of mortality, accounting for over 40 percent of deaths in those aged 65 years and above
[3]. Apart from the medical challenge, this impending demographic shift also poses a
major economical challenge for the nation, as the cost of providing health care for elderly
individuals is three to five times greater than the cost for young people [4]. As such, the
development of newer therapeutic agents and methodologies for preventive care is a top
priority. To achieve this goal, it is imperative that we better understand how aging affects
cardiovascular physiology and further, that we increase our knowledge of the underlying
molecular mechanism(s) involved.
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As we age, numerous physiological and environmental factors increase the risk of
cardiac damage. One such factor is increases in oxidative stress, which has been shown to
cause alterations in the structure and function of major organs, including the heart. It is
well established that the aged heart has a diminished functional and adaptive reserve
capacity, an increased susceptibility to incur damage (e.g., as a result of ischemia), and a
limited practical ability for repair/regeneration [5]. Aging of the heart is mainly
characterized by an increase in the loss of cardiomyocytes and hypertrophy of the
remaining cardiomyocytes, ultimately leading to diastolic heart failure [1]. Throughout
life, the heart is exposed to minor, highly controlled episodes of ischemia followed by
reperfusion, an innate mechanism that helps condition the heart gradually to prevent
injury from such episodes of larger magnitude taking place later in life. This process is
known as ischemic preconditioning of the myocardium [6]. As we age, the capability of
the myocardial tissue to handle oxidative stress decreases progressively. This finding has
led some to postulate that antioxidants may be useful for the treatment and / or prevention
of age-associated cardiac dysfunction.
Cardiac structure and function are remarkably similar among mammalian species,
and the use of animal models has been extremely helpful in developing treatment
strategies for alleviating heart disease in humans. Extending animal studies beyond young
adult ages to very old ages may provide similar benefits to cardiovascular health of the
growing aged population. Multiple experimental models have been used to assess the
effects of aging on reactive oxygen species and cardiovascular disease (CVD), including
dogs, the Fisher 344 (F344), the Fischer 344/NNiaHSd X Brown Norway/BiNia
2

(F344XBN) aging rat models, and other species [7-12]. A recent review of aging rat
models concluded that the F344XBN rat strain seems to live longer while also exhibiting
“physiological aging” to a greater degree than others [13-15]. Recent investigation using
the F344XBN rat model has demonstrated that aging in these animals is associated with
an increased incidence of cardiac arrhythmias as well as impairment of systolic and
diastolic function [16, 17]. In addition, other data has shown that the aged F344XBN
heart exhibits increased expression of oxidative-nitrosative stress markers [18]. Reactive
oxygen species (ROS) such as superoxide anions (•O2-) and hydroxyl radicals (•OH) have
been implicated in cardiac dysfunction, remodeling and in cardiomyocyte apoptosis [19].
Recent data has also suggested that aging in the F344XBN heart is associated with
increases in cardiac apoptosis and further that this increase in cell death is associated with
elevations in cardiac ROS [20]. Whether strategies designed to diminish ROS levels are
efficacious in improving age-related cardiac function is not well understood.
Acetaminophen (N-acetyl p-aminophenol) is an analgesic, antipyretic agent
introduced into western medicine over 100 years ago. Although its precise mechanisms
of action are not known, acetaminophen has been shown to cause dose-dependent
reductions in the amount of circulating prostaglandins, to inhibit myeloperoxidase
activity and decrease the oxidation of lipoproteins. In addition, this agent also appears to
confer cardioprotection by blocking the effects of hydroxyl radical, peroxynitrite, and
hydrogen peroxide [21]. Until recently, most investigations on acetaminophen have
focused on its analgesic/antipyretic properties and hepatotoxicity, while the effects of the
drug on other mammalian organ systems, including the heart and circulation, have been
3

largely ignored. In the last few years, studies have begun to shed light on the antioxidant
properties of acetaminophen and its potential cardioprotective value. Being a phenolic
compound [22], acetaminophen exhibits antioxidant properties [23] and it has been
shown to protect the heart against ischemia-reperfusion injury [24-27]. Other data has
suggested that acetaminophen exhibits potent anti-oxidant activity and that an acute bolus
of acetaminophen is effective in preventing ROS-associated cardiac damage in the rat and
dog heart [28, 29]. These findings are important as they suggest that this molecule may
also have application for the prevention of myocardial infarction, which is one of the
leading causes of severe morbidity and death in the aged. Moreover, as the use of
acetaminophen in the aged is increasing [21], additional research is needed to investigate
the effects of this agent on the cardiovascular system. Herein, we propose to (i.)
Investigate the molecular mechanism(s) underlying aging-associated alterations in the
structure and function of F344XBN rat hearts and (ii.) To determine the efficacy of
chronic acetaminophen treatment in preventing age-associated cardiac dysfunction in the
F344XBN rat heart.

4

SPECIFIC AIMS
Advancing age is associated with increased risk of cardiovascular disease and a
progressive decrease in cardiac function [30]. Recent investigation using the Fischer 344
x Brown Norway F1 hybrid (F344XBN) rat model has demonstrated cardiovascular
changes similar to that seen in aging humans including an increased incidence of cardiac
arrhythmias as well as impairment of systolic and diastolic function [16, 17]. In addition,
other data has shown that the aged F344XBN heart exhibits increased expression of
oxidative-nitrosative stress markers [18]. Reactive oxygen species (ROS) such as
superoxide anions (•O2-) and hydroxyl radicals (•OH) have been implicated in cardiac
dysfunction, remodeling and in cardiomyocyte apoptosis [19]. Recent data has also
suggested that aging in the F344XBN heart is associated with increases in cardiac
apoptosis and that this finding is correlated with elevated cardiac ROS levels [20]. Aging
has been shown to be associated with compensatory hypertrophy in humans and animals;
however, the underlying molecular mechanisms remain unclear.
Our long-term goal is to improve our understanding of the molecular mechanisms
underlying aging associated alterations in the structure and function of the heart and to
develop therapeutic strategies to prevent or reverse such age associated cardiac
dysfunction. The central hypothesis of this dissertation is that chronic acetaminophen
ingestion will be associated with decreases in cardiac oxidative stress that will, in turn, be
strongly associated with the prevention of cardiomyocyte cell death and dysfunction.
We plan to test our central hypothesis and accomplish the objective of this study
by pursuing the following three specific aims:
5

SPECIFIC AIM I: To investigate the different signalling mechanisms underlying aging
associated cardiac hypertrophy in F344XBN rats.
SPECIFIC AIM II: To determine if chronic acetaminophen ingestion is able to diminish
age-related increases in indices of oxidative and nitrosative stress and the effect of these
changes, if present, on the incidence of age-related increases in cell death and apoptotic
signaling.
SPECIFIC AIM III: To investigate age associated alterations in the cardiac rhythm in
F344XBN rats and to determine if chronic acetaminophen ingestion is able to preserve
cardiac structure and diminish cardiac arrhythmias.

6

CHAPTER II
REVIEW OF THE LITERATURE
The following chapter presents a review of the current literature concerning the
present study. Specifically, the following areas will be addressed: aging, physiological
changes with aging in different organ systems, cardiac aging, age-related alterations in
cardiac structure and function, and the potential role of oxidative stress, apoptosis,
cardiac hypertrophy, myocardial fibrosis and miRNA during cardiac remodeling. Finally,
the chapter will conclude with a review on the effects of acetaminophen on cardiac
structure and function.
2.1 Aging
Aging, or the process of growing old, is defined as the gradual deterioration in the
function of cells (mitotic cells, such as fibroblasts and post-mitotic cells, such as neurons,
cardiomyocytes etc.) and structural components (such as bone and muscle) which
consequently have a direct impact on the functional ability of organs, biological systems
and ultimately the organism as a whole [31]. Epidemiological studies indicate that the
elderly population of the world, and especially those in developed countries, continue to
grow rapidly due to availability of better healthcare facilities and improved standard of
living [32]. Due to a decline in fertility rate and old age mortality, in recent years there
has been a shift in the age distribution of the population toward older ages [3]. For
instance, a recent report from the United Nations, World Population Ageing 2009,
indicates that the proportion of older persons, aged 60 years or older has been rising
steadily, from 8 % in 1950 to 11 % in 2009, and is expected to reach 22 % in 2050 [33].
7

According to the U.S. Department of Health and Human Services, the older population
aged 65 years or above numbered 38.9 million in 2008. This was an increase of 4.5
million or 13.0% since 1998 [33]. Current estimates project a further increase of 31% by
2030. At present, one in every eight individuals is aged 65 or more with an additional life
expectancy of 18.6 years [33]. Interestingly, the current intensive biomedical anti-aging
studies may further extend the healthy and productive period of human life in the future
[34]. While increased life expectancy is a success story for mankind, at the same time it
poses a great challenge for our health care system due to the growing burden of chronic
illnesses, injuries, and disabilities. As the aging population increases, the prevalence of
disability,

frailty,

and

chronic

diseases

(Alzheimer’s,

cancer,

cardiovascular

and cerebrovascular diseases, etc.) is expected to increase dramatically [33, 35].
Chronic diseases, which affect older adults disproportionately, contribute to
disability, diminished quality of life, and increased long term health care costs [36]. In
the United States, approximately 80% of all persons aged >65 years have at least one
chronic condition, and 50% have at least two [33, 37]. In 2001, the leading causes of
death in developed countries were primarily cardiovascular diseases and cancer, followed
by respiratory diseases and injuries [35]. The health-care cost per capita for persons
aged >65 years in the United States and other developed countries is three to five times
greater than the cost for persons aged <65 years, and the rapid growth in the number of
older persons, coupled with continued advances in medical technology, is expected to
create upward pressure on health- and long-term-care spending [4]. Three-quarters of the
total health-care expenditures in the United States is spent on treating chronic disease
($1·7 trillion per year) and 76% of Medicare expenditure goes to beneficiaries with more
8

than five chronic conditions. The rising prevalence of these diseases has also resulted in
bigger out-of-pocket expenses for senior citizens. In 2008, on average, older Americans
spent $4,605 towards out-of-pocket health care expenditures, an increase of 57% since
1998 [37].
2.2 Physiological changes with aging
Aging is inevitable, and as life expectancy increases it becomes more important to
understand the physiological mechanisms associated with the normal aging process.
Cross-sectional studies have indicated that the prevalence of high body weight or obesity
increases with age up to 60 years and then tends to decline due to decreases in lean body
mass, while the increase in body circumference seen with advanced age is mostly due to
redistribution of body fat to the abdominal cavity [38]. Age-related decreases in lean
body mass, which is also known as sarcopenia, is characterized by decreased muscle
mass and muscle strength, and increased muscle fatigability [39]. Sarcopenia contributes
significantly to the morbidity, affects quality of life, and increases health care costs in the
elderly [40]. Decrease in whole body protein turnover, mixed muscle protein synthesis,
myosin heavy chain synthesis, and mitochondrial protein synthesis have been implicated
in age-related sarcopenia [40]. Such age-related decreases in active cellular mass, i.e., fat
free mass or lean body mass, and a concomitant increase in body visceral fat lead to
decreased body metabolic rate [41]. The free radical theory of aging proposed by Harman
has suggested a possible mechanistic link between metabolic rate and aging [31]. He
proposed that normal oxygen consumption inevitably results in the production of oxygen
free radicals, which, in turn, damage important biological molecules (nucleic acids,
9

proteins, and lipids, among others). This damage, if allowed to proceed unchecked,
oftentimes results in death of the organism [42].
Recently, the free radical theory of aging has evolved into what has been termed
the oxidative-stress theory of aging, which is currently the most widely accepted
mechanistic explanation of aging [43]. Different tissues and organs display different
responses to aging, with more oxidative tissue generally having more age-related
changes. For instance, age-related changes in pulmonary function include but are not
limited to increases in residual volume, decreased elasticity of structures, diminished
compliance, decreased number of airway-supporting structures, increase in closing
volumes and increased risk for atelectasis [44, 45]. The structure, function and
morphology of kidneys also changes markedly with age ultimately leading to decreased
glomerular filtration [46]. Aging has been shown to be associated with structural and
functional changes in the cardiovascular system including the remodeling of the arteries,
heart and the microcirculation [30]. Remodeling of arteries produces a thickening of the
intima-media inducing an increase of the pulse wave and aortic impedance, with greater
resistance to ventricular ejection that in turn induces the remodelling of the left ventricle
and ultimately leading to systolic and diastolic dysfunction [47].
2.3 Cardiac aging
The aged (65+ years of age) now comprise the most rapidly growing segment of
the United States population [33]. Cardiovascular disease is the leading cause of
mortality accounting for over 40 percent of deaths in this population [3, 48]. Apart from
other risk factors like smoking, diabetes, obesity, alcohol, etc., aging by itself represents a
10

major risk factor for cardiovascular disease as it is associated with structural and
functional alterations in the heart [49]. Age-related myocardial structural changes include
loss of myocytes, a progressive increase in myocyte cell volume per nucleus, hypertrophy
of the remaining cardiomyocytes, a reduction in the number of conduction cells and wall
thickening [1]. These structural changes are associated with alterations in cardiac
function including diastolic dysfunction, increased systolic arterial pressure and pulse
pressure, decreased maximal heart rate, maximal cardiac output and maximal VO2 [1]. In
addition, the aged myocardium is prone to inadequate oxygenation as the capillary
density does not increase in parallel with the remodeling myocardium [50].
2.3.1 Age associated alterations in cardiac function
It is established that the aged heart becomes slightly hypertrophic and
hyporesponsive to sympathetic (but not parasympathetic) stimuli, so that the exerciseinduced increases in heart rate and myocardial contractility are blunted in older hearts
[49]. Gerstenblith et al. performed echocardiograms on 105 male participants in the NIA
volunteer Longitudinal Study Program and reported that aging in the normal male is
associated with altered LV diastolic filling, increased aortic root diameter and left
ventricle hypertrophy but little change in contractile ability in the resting state [2]. In
another study, using 2-dimensional echocardiograms, Downes et al. examined the effect
of aging on the pattern of LV diastolic filling in 11 elderly subjects (68 +/- 5 years, mean
+/- standard deviation) and 15 normal young adults (31 +/- 7 years) without coronary
artery disease, systemic hypertension, LV hypertrophy or abnormality of LV systolic
function. Their findings suggested that early diastolic filling is reduced in normal aged
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subjects, even in the absence of coronary artery disease and systolic dysfunction [51].
Bikkina et al. examined the prognostic implications of asymptomatic ventricular
arrhythmias by performing ambulatory electrocardiographic (ECG) monitoring in 2425
men without clinically evident coronary heart disease, 302 men with coronary heart
disease, 3064 women without disease and 242 women with disease. Their findings
suggested that increased incidence of ventricular arrhythmias is associated with a two
fold increase in the risk for all-cause mortality and myocardial infarction or death due to
coronary heart disease [52]. Haider et al. examined the associations of LV mass and LV
hypertrophy with sudden death risk in a large group of middle-aged and elderly subjects
enrolled in the Framingham Heart Study. Their work demonstrated that LV hypertrophy
is an independent risk factor for sudden death [53]. Morales et al. performed quantitative
echocardiography in seventy-eight subjects (47 men; mean age, 51 years; age range, 2387 years) without apparent cardiovascular and systemic disease and reported that
advancing age is associated with changes in myocardial structure that are characterized
by a greater echogenicity and loss in tonal organization, possibly due to increased
collagen content within the fibers [54]. Taken together, these data suggest that cardiac
aging in humans is characterized by alterations in LV diastolic filling, ventricular
dimensions, diastolic function and increased incidence of arrhythmias.
2.3.2 Cardiac aging in animal models
Cardiac structure and function are remarkably similar among mammalian species,
and the use of animal models have provided new approaches to study the effects of aging
on the cardiovascular system [55]. Anversa et al. investigated the effect of age on
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functional characteristics of the heart in Fischer 344 rats at 4, 12, 20, and 29 months of
age, they found that mean arterial pressure, LV systolic and end-diastolic pressures, its
first derivative (dP/dt), heart rate and stroke volume were comparable in rat groups up to
20 months, while LV end-diastolic pressure was elevated and dP/dt and stroke volume
were decreased during the interval from 20 to 29 months, indicating a significant
impairment of ventricular function with senescence [56, 57]. Boluyt et al. performed an
echocardiographic assessment of age-associated changes in chamber dimensions and
systolic and diastolic properties of the female Fischer 344 (F344) rat hearts. They found
that, compared with young adult 4-month rats, there is a significant decrement in the
resting systolic function of the LV, an increase in isovolumic relaxation time (25.0 +/- 7.6
vs. 17.2 +/- 4.4 ms) and decreases in the tissue Doppler peak E waves at the septal
annulus and at the lateral annulus of the mitral valve in 30-month female F344 rats [58].
In recent years, the Fischer 344/Brown Norway F1 (F344/BNF1) rat has been
recommended for age-related studies by the National Institutes on Aging because this
hybrid rat lives longer and has a lower rate of pathological conditions than other inbred
rat strains [17]. Hacker et al. used echocardiographic and hemodynamic analyses to
determine standard values for LV mass, LV wall thickness, LV chamber diameter, heart
rate, LV fractional shortening, mitral inflow velocity, LV relaxation time, and aortic/LV
pressures in male Fischer 344/ Brown Norway F1 hybrid rats from adulthood to the very
aged (n = 6 per 12-, 18-, 21-, 24-, 27-, 30-, 33-, 36-, and 39-month old group). Their
findings suggested that aged rats had an increased LV mass-to-body weight ratio and
deteriorated systolic function. Histological analysis revealed a gradual increase in fibrosis
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and a decrease in cardiomyocyte volume density with age [16]. Walker et al. performed
two-dimensional ECHO measurements, two-dimensional guided M-mode, Doppler Mmode, and other recordings from parasternal long- and short-axis views on male Fischer
344/Brown Norway F1 (F344/BNF1) rats aged 6-, 30-, and 36-month and revealed
persistent cardiac arrhythmias in 72% (13/18) of 36-month rats, 10% (1/10) of 30-month
rats and none in 6-month rats [17]. Taken together these findings suggest that aging in
rodents, like humans, is also associated with increased incidence of cardiac arrhythmias,
decrease in ventricular compliance and impairments in systolic and diastolic function.
2.3.3 Role of oxidative stress in cardiac aging
A growing body of emerging evidence suggests that age-related declines in
cardiac function may be associated with age-related increases in oxidative-nitrosative
stress [59]. Oxidative stress is most commonly defined as an imbalance between the
production and scavenging of reactive oxygen species (ROS) [60]. This imbalance is
associated with measurable increases in ROS. It is well established that elevation of
cardiac ROS levels with age have been shown to influence several important factors
including cardiac hypertrophy, structure and function of blood vessels, inflammation,
apoptosis and alteration of the extracellular matrix profile [61-64]. Indeed, Asano et al.
examined the influence of aging on multiple markers of oxidative-nitrosative stress in the
hearts of 6-, 30- and 36-month F344XBN rats and found that indices of oxidative
(superoxide anion [O2•–], 4-hydroxy-2-nonenal [4-HNE]) and nitrosative (protein
nitrotyrosylation) stress were significantly increased in 36-month hearts and these
findings were highly correlated with increases in LV wall thickness [18]. In a follow-up
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study, Kakarla et al. showed that aging in F344XBN rats is associated with increased
cardiomyocyte apoptosis suggesting the possible role of oxidative-nitrosative stress [20].
Increases in oxidative stress can also elicit oxidative modification of various cellular
components, such as lipids, proteins, DNA and antioxidant enzymes [65, 66]. Being a
post-mitotic tissue, the myocardium is more vulnerable to oxidative stress as it has lesser
ability to up-regulate antioxidant defenses and / or to repair accumulated oxidative
damage compared to other tissues with greater proliferative capacity such as the liver
[67]. Recent work has demonstrated that mitochondrial ROS generation increases in the
heart with advanced age [68-70]. Additional sources of ROS also include the
peroxisomes, cytochrome P-450, xanthine oxidase and nicotinamide dinucleotide
phosphate (reduced) (NADPH) oxidase, although the quantitative significance of those
pathways in generating ROS and causing cellular senescence remains unclear [71]. Apart
from its role in aging, oxidative-nitrosative stress has also been implicated in chronic
cardiovascular diseases, cardiac injury, cell death, and dysrhythmia [72]. The exact
molecular mechanisms underlying age-related increases in cardiac oxidative-nitrosative
stress and whether pharmacological intervention can be used to counteract such changes
remain to be elucidated.
2.3.3.1 Signaling mechanisms underlying cardiac oxidative-nitrosative stress
Reactive oxygen species (ROS)-dependent modulation of intracellular signaling is
implicated in the development of cardiac structural and functional changes including
cardiomyocyte hypertrophy, interstitial fibrosis, contractile dysfunction and cell death
[73]. Growing evidence suggests that ROS-induced signaling pathways play a key role in
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the development of cardiac hypertrophy either in response to neurohumoral stimuli or
chronic pressure overload [74]. Experimentally, cardiac hypertrophy has been induced in
cultured cardiomyocytes by angiotensin II, endothelin 1, norepinephrine and tumor
necrosis factor-α in an ROS intracellular signaling dependent manner and can be
inhibited by antioxidants [74]. Angiotensin II (AT II) has been shown to induce cardiac
hypertrophy via a G-protein–linked pathway involving ROS-associated activation of
several downstream signals, including the mitogen activated protein kinases (MAPKs),
while inhibition of ROS by antioxidants blocked ATII-mediated cardiac hypertrophy [75,
76]. Several in vitro and animal studies have also implicated the involvement of protein
kinase C (PKC), p38-MAPK, JNK-MAPK, and ERK1/2-MAPK; PI3K; Akt; several
tyrosine kinases (e.g., src and focal adhesion kinase (FAK)); NF-κB, and calcineurin in
ROS-dependent cardiac hypertrophy [77, 78]. Similarly, the redox-sensitive apoptosissignaling kinase 1 (ASK-1) is strongly activated by ROS, which in turn activates p38MAPK and JNK-MAPK, while deletion of ASK-1 attenuates p38 and JNK activation and
the cardiac hypertrophic response to ATII [79].
Increasing evidence indicates that ROS can mediate apoptosis by a variety of
mechanisms depending upon the level of ROS produced [80]. For instance, in adult
cardiomyocytes, relatively low levels of H2O2 are associated with the activation of
ERK1/2 MAPK and the stimulation of protein synthesis. Conversely, a higher level of
H2O2, while still activating ERK1/2, also activated the JNK, p38 MAPKs and Akt and
induced apoptosis [80]. Using isolated cardiac cells and different reactive oxygen species
generating systems, researchers have shown that different ROS may use distinct apoptotic
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pathways [81]. Moreover, the age-related accumulation of ROS-induced biomolecules
are thought to play a major role in the development of cardiovascular disease [82].
However, the signaling mechanisms underlying age-related oxidative stress-induced
cardiac pathologies remain not well understood. Further animal studies involving a wide
range of age groups and the use of different anti-oxidants will no doubt fill the gaps in
understanding of the signaling mechanisms underlying age-related oxidative stress
associated cardiac pathologies.
2.3.4 Age-associated cardiac apoptosis
Apoptosis is a specialized form of programmed cell death that is characterized by
nuclear chromatin condensation and DNA fragmentation. Once death occurs, cellular
debris undergo endocytosis by neighboring cells with no spillage of intracellular content
and no inflammatory response [77]. During the last few years, a growing body of
evidence in both humans and animal models suggests that increases in apoptosis due to
varying stimuli play an important role in the pathological remodeling of the heart [83].
Nevertheless, aging itself has been shown to predispose cardiomyocytes to apoptosis
[84]. Olivetti et al. examined the effects of aging on the human myocardium in 67 hearts
obtained from individuals between the ages of 17-90 years who died from causes other
than cardiovascular disease. Regression analysis of their results demonstrated that the
aging process was characterized by a loss of 38 million and 14 million myocyte nuclei/yr
in the left and right ventricular myocardium, respectively [85]. In another study Melissari
et al. measured cardiac dimensions with respect to body weight, and the number of
myocyte nuclei in the ventricles of 45 males and 22 females (17 to 90 years old), who
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died from causes independent of cardiovascular disease. These researchers found that
aging was characterized by increases in total heart weight, while LV and inter ventricular
septum weights decreased significantly (r = 0.44; p < 0.001). At the structural level, the
number of myocyte nuclei within the left ventricle LV decreased (r = 0.45; p < 0.001),
whereas myocyte cell volume per nucleus increased (r = 0.30; p >0.05) [86]. Anversa et
al. examined the effect of aging in 3, 10 to 12, and 19 to 21 month old Fischer 344 rat
myocardium and reported that between 3 and 10 to 12 months of age, the mean myocyte
cell volume per nucleus increased by 53 % in the left ventricle while the total number of
myocyte nuclei remained constant [87]. Kajstura et al. determined the effect of aging on
cardiomyocyte cell death in Fischer 344 rats aged 3, 7, 12, 16, and 24 months and
reported that apoptosis is more prevalent than necrosis in the later stages of aging. This
study also showed that apoptosis in the left ventricle increased by more than 200% in 24month-old compared to 16-month old rats, with no change in necrotic cell death,
indicating an accelerated rate of apoptosis at a later age [88]. Recently, using the
F344XBN aging rat model, our laboratory has demonstrated that compared to young 6month hearts, aged 30-month and very aged 36-month hearts exhibited increased TdTmediated dUTP nick end labeling positive nuclei (TUNEL+ nuclei), caspase-3 activation,
caspase-dependent cleavage of alpha-fodrin and diminished phosphorylation of protein
kinase B/Akt (Thr 308) [20]. Taken together, these studies suggest that aging in
mammalian hearts is associated with increases in cardiomyocyte apoptosis and, in an
attempt to compensate the functional loss, the remaining myocytes undergo hypertrophy.
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2.3.4.1 Signaling mechanisms underlying cardiac apoptosis
The factors regulating cardiac apoptosis are not well understood. Oxidative stress
has been shown to activate mitogen-activated protein kinases (MAPKs), which are
thought to regulate, at least in part, the fate of the cell to go through proliferation,
differentiation, or cell death [89-91]. Different studies have shown that the suppression of
ERK and activation of JNK and p38 MAPKs play a role in apoptosis in different cell
lines [90, 91]. An increased expression of JNK- and p38-MAPKs has been shown to
cause apoptosis in H9c2 cells [92], perfused rat hearts [93], as well as ischemiareperfusion rat heart [94]. The role of MAPKs signaling in age-related cardiomyocyte
apoptosis remains largely unknown.
In-vitro and in-vivo experimental models using various apoptotic stimuli have
demonstrated that upregulation of proapoptotic proteins Bax, caspase-3 and p53, as well
as downregulation of antiapoptotic protein Bcl-2, control the apoptotic machinery in the
heart [95-98]. Bax is a key pro-apoptotic regulator that can insert itself into the outer
mitochondrial membrane and promote the release of mitochondrial apoptogenic factors
like cytochrome C [98, 99]. Conversely, Bcl-2 is an anti-apoptotic factor that is thought
to block the membrane insertion of Bax by forming Bax/Bcl-2 heterodimers [100-102].
It is postulated that the ratio of Bax to Bcl-2 plays an important role in regulating cellular
apoptosis with cell death being favored as the balance shifts toward Bax [103]. Cytosolic
cytochrome-c couples with apoptotic protease activating factor-1 (Apaf-1), which leads
to the activation of caspase-9. Activated caspase-9 in turn has been shown to cleave
caspase-3 resulting in caspase-3 activation and proteolytic disassembly of the cell [104,
19

105]. On the other hand, inhibition of the phosphatidylinositol-3-kinase (PI-3 kinase)/Akt
pathway has been shown to induce apoptosis in both in vivo animal models and in vitro
cultured cardiomyocytes [106, 107]. Our laboratory has previously reported that the
increase in cardiac apoptosis observed in aging F344XBN rats is associated with
increased activation of proapoptotic proteins JNK1, JNK3, p38 and Bax, and decreased
expression of anti apoptotic proteins Bcl2, Akt and ERK1/2 [18, 20]. Whether the chronic
administration of antioxidants has an effect on the age-related cardiac remodeling is
currently unknown.
2.3.5 Age-associated cardiac hypertrophy
It is thought that aging in both humans and animal models is associated with
alterations in cardiac structure and function including myocyte dropout and a
compensatory hypertrophy of the remaining myocytes [16, 17, 108]. Although, the
increased heart size is initially a compensatory mechanism, sustained hypertrophy can
ultimately lead to decompensation, arrhythmias and contractile dysfunction, and thus
representing an independent risk factor for heart failure [109]. Gerstenblith et al.
performed echocardiograms on 105 male participants (25-84 years of age) and reported
that even in the absence of arterial hypertension there is a moderate increase in the
thickness of the LV wall, suggesting that aging in the normal male is associated with LV
hypertrophy [2]. In another study, Badano et al. performed echocardiograms on 104
physically active, normal, community-dwelling volunteers (68 men and 36 women),
ranging in age from 18 to 84 years and having no evidence of hypertension or
cardiovascular disease. Their data revealed that LV end-diastolic volume (r = 0.25), wall
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thickness (r = 0.30) and mass (r = 0.37) increased with age [110]. To determine the agerelated changes in normal human hearts during the first 10 decades of life, Kirtzman et al.
measured heart weights, ventricular wall thicknesses, and valve circumferences in 765
autopsy specimens in the hearts of persons 20 to 99 years old. Their findings suggested
that the ratio of septal to LV free wall thicknesses was significantly elevated after the
seventh decade of life [111]. Similar to humans, echocardiographic studies in F344XBN
rats revealed that intrinsic cardiac aging in these rodent models is also associated with LV
hypertrophy, fibrosis, and diastolic dysfunction [16, 17]. The molecular mechanisms
underlying aging associated cardiac hypertrophy remain to be elucidated.
2.3.5.1 Signaling mechanisms underlying cardiac hypertrophy
The signaling mechanisms underlying cardiac hypertrophy have been widely
studied in models of physiological and pathological cardiac hypertrophy due to exercise,
hypertension, work overload and loss of myocytes following ischemic damage [112].
Characteristics of hypertrophic cardiac myocyte growth include an increase in myocyte
cross-sectional area, increased mRNA content, and protein synthesis [113]. Varying
extracellular stimuli have been shown to induce cardiomyocyte growth including peptide
and amine hormones (Ang II, norepinephrine (NE), endothelin-1,

and thrombin),

cytokines (interleukin-1b (IL-1b)), interleukin-6, tumor necrosis factor-α (TNF-α), and
mitogens (fibroblast growth factor and epidermal growth factor) [77]. It is thought that
these

agonists bind to cell-surface receptors where they activate multiple signal

transduction cascades that link receptor activation to the regulation of hypertrophic
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growth, including tyrosine kinases (src, focal adhesion kinase), MAPK (ERK1/2, p38,
JNK, ERK5), PKC, calcineurin, PI3-kinase)/Akt, and NF-kB [114-116].
Several previous studies employing in vivo and in vitro models emphasized that
ERK1/2 MAPK plays a key regulatory role in promoting cardiac hypertrophy through the
Ras/Raf/MEK/ERK signaling pathway [110, 116]. Similar to ERK1/2 MAPK, the
activation of ERK5 in cardiomyocytes has also been shown to increase in response to a
variety of hypertrophic stimuli [117, 118]. Using a transgenic mice model, Sanna et al.
demonstrated that the MEK1–ERK1/2 pathway induces cardiac hypertrophy in vivo, at
least in part, by enhancing the transcriptional activity of nuclear factor of activated T
cells (NFAT) [119]. Calcineurin is a calcium-calmodulin activated serine/threoninespecific phosphatase that is activated by sustained elevations in intracellular calcium and
is thought to mediate the hypertrophic response through its downstream transcriptional
effector NFAT [120]. Furthermore, chronic stimulation of the PI3K/Akt signaling
pathway in response to pressure overload in the rodent heart and following the incubation
of cultured cardiomyocytes with growth factors has also been shown to induce
myocardial hypertrophy [121-125]. In neonatal rat ventricular myocytes (NRVM),
H2O2 has been shown to induce hypertrophy via activation of src, PKC, and p38,
ERK1/2, and JNK MAP kinases and PI3-kinase signaling proteins, suggesting a
possible link between oxidative stress and cardiac hypertrophy [126-128]. Whether there
is a direct relationship between the age-related oxidative stress and cardiac hypertrophy is
currently unclear. Recently, the mammalian target of rapamycin (mTOR) has emerged as
a potentially important regulator of cardiac hypertrophy by promoting protein
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translational signaling [129, 130]. Rapamycin, an inhibitor of mTOR activity has been
shown to attenuate cardiac hypertrophy caused by aortic banding induced pressure
overload [131], while it has also been shown to block skeletal muscle hypertrophy [132].
Mounting evidence indicates that mTOR induces hypertrophy by increasing protein
synthesis through the control of a number of downstream signaling proteins that regulate
mRNA translation [133] such as the translational repressor proteins 4E-binding protein-1
(4E-BP1) and the ribosomal protein S6 kinase (rp6k) [123]. Whether age-related
cardiomyocyte hypertrophy involves the same molecular mechanisms that have been
documented with varying hypertrophic stimuli in different models of hypertrophy or
involves different mechanisms remains unclear and warrants further experimentation.
2.3.6 Age-associated myocardial fibrosis
Extensive evidence, derived from both clinical and experimental studies, suggests
that aging in both humans and rodents is characterized by a progressive decrease in the
number of cardiomyocytes and the development of compensatory LV hypertrophy and
fibrosis leading to diastolic dysfunction and heart failure with preserved systolic function
[85, 87, 134, 135]. Previous reports suggest that age-related myocardial fibrosis and
ventricular remodeling leads to increased wall stress, decreased elasticity, impaired early
diastolic filling, and reduced rate of ventricular shortening [136-138]. Excessive fibrosis
can also cause decreases in myocardial compliance and may be linked to the development
of ventricular dysfunction and arrhythmias [139]. Age-related cardiomyocyte loss due to
apoptosis and necrosis leads to an increase in interstitial fibrosis in aged hearts [140].
Myocardial fibrosis is mainly due to progressive accumulation of collagen and other
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extracellular matrix (ECM) proteins [141]. Eghbali et al. examined the total amount and
structure of myocardial collagen as a function of age in the hearts of male Fischer 344
rats and reported that collagen content in the left ventricle increased from 5.5% of total
protein in young Fischer 344 rats to approximately 12% in senescent animals [142].
Other studies have also shown a significant increase in collagen content in old
normocholesterolemic rabbits [143] and in senescent mice [144].
2.3.6.1 Signaling mechanisms underlying cardiac fibrosis
Although it is well established that cardiac fibrosis plays a key role in
deterioration of cardiac function in advanced age, the underlying molecular mechanisms
remain poorly understood. Recent findings suggest that the renin–angiotensin system and
the generation of reactive oxygen species (ROS) may be involved in age-associated
cardiac fibrosis [140]. Mitochondria isolated from senescent rats showed significant
increases in superoxide radical production [145], while over expression of catalase
targeted to mitochondria diminished cardiac hypertrophy and fibrosis and preserved
diastolic function [145]. These findings indicate an important role for ROS in the
pathogenesis of age-associated fibrotic cardiac remodeling.

Siwiki et al. exposed

neonatal and adult rat cardiac fibroblasts in vitro to H2O2 or the superoxide-generating
system xanthine plus xanthine oxidase and demonstrated that oxidative stress regulates
the quantity and quality of extracellular matrix by modulating both collagen synthesis and
metabolism [146]. In another study, Cheng et al. treated cultured neonatal rat cardiac
fibroblasts with angiotensin II (Ang II) to examine the role of ROS mediated signaling in
cardiac fibroblasts and reported that ROS are involved in Ang II-induced proliferation
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and endothelin-1 (ET-1) gene expression [147]. In a parallel experiment, they also
demonstrated that the combination of AT (I) and ET (A) receptor antagonists plus
antioxidants may be beneficial in preventing the formation of excessive cardiac fibrosis
[147]. Previous studies in both humans and animals have shown ROS-mediated up
regulation of MCP-1/CCL2 in ischemic cardiac fibrosis [36, 37]; however, its
involvement in aging-associated cardiac remodeling needs further investigation [148,
149]. Both ROS and angiotensin II have been shown to activate transforming growth
factor (TGF)-b/Smad2/3 signaling pathways and induce pro-inflammatory mediator
expression leading to cardiac fibrosis. In particular, activation of TGF-/Smad2/3
signaling promotes myofibroblast transdifferentiation and collagen deposition [150-155].
2.4 Regulation of miRNA in aged hearts
MiRNAs (miRNAs) are small ~ 22-nucleotide noncoding RNAs that inhibit
transcription or translation by interacting with the 3′ untranslated region (3′UTR) of
target mRNAs [156]. MiRNAs were first discovered in 1993 while conducting a study of
the gene lin-14 in C. elegans development [157]. Immediately, several researchers began
to shed light on the function of miRNAs and revealed that they play fundamental roles in
diverse biological and pathological processes, including cell proliferation, differentiation,
apoptosis, and carcinogenesis in species ranging from C. elegans and D. melanogaster to
humans [158-161]. Rooji et al. induced cardiac remodelling in mice by transverse aortic
constriction or expression of activated calcineurin and examined the expression of
distinctive miRNAs in diseased cardiac tissue. These researchers reported that >12
miRNAs were up- or down-regulated compared to normal mice [162]. Later, several
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genetic studies conducted in mice implicated the regulatory role of miRNAs in cardiac
remodeling, growth, conductance and contractility [163-168]. Ikeda et al. measured the
expression of 428 miRNAs in three different types of human heart disease (ischemic
cardiomyopathy, dilated cardiomyopathy, and aortic stenosis). Their data suggest that
expression of many miRNAs is altered in heart disease and that different types of heart
disease are associated with distinct changes in miRNA expression [169]. In this context,
several miRNAs including miR-1, 21, 29, 30, 195, 133, 206 and 208, were shown to play
an important role in the process of cardiac remodeling, putatively by regulating changes
in gene expression that accompany pathological cardiac hypertrophy and contractile
dysfunction [162, 164, 165, 170]. Interestingly, muscle specific miR-1, miR-206 and
miR-133 expression has been shown to be upregulated, downregulated, and unchanged
during cardiac remodeling [164-166]. Furthermore, miR-1 has been implicated in the
etiology of ventricular arrhythmias as it is thought that this miRNA post-transcriptionally
represses the expression of connexin 43 (Cx43) [166]. Similarly, miR-206 has also been
postulated to play a role in cardiac remodeling as miR-206 levels have been shown to be
increased in a rat model of cardiac infarction [171] and in regulating the expression of
Cx43 [166]. Recent data suggest that increased miR-133 resulted in the suppression of
protein synthesis and inhibition of hypertrophic growth in cultured neonatal cardiac
myocytes [164]. MiR-133a has also been shown to act as an antiapoptotic factor by
repressing the translation of caspase-9 [172]. Conversely, miR-133 has also been
implicated in the pathogenesis of cardiac arrhythmias as it has been shown that this
molecule can regulate the ether-a-go-go related gene (ERG), which encodes a key portion
of the cardiac potassium channel [173]. Elevated miR-21 has been linked to increased
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cardiac fibrosis and increased ERK1/2 MAPK activity [174], and its expression is
relatively low in adult cardiomyocytes compared to neonatal cardiomyocytes [174].
Alternatively, data from other studies suggest that miR-21 has an anti-apoptotic effect
and that it is upregulated during cardiomyocyte hypertrophy [175]. Recently, Duisters et
al. investigated the regulation of connective tissue growth factor (CTGF), and showed
that the expression of miR-133 and miR-30 was inversely related to the amount of CTGF
in rodent models of heart disease and in human patients with pathological LV
hypertrophy [176]. The disparities between results among different studies may likely
reflect differences in disease models, extent of disease, myocardial regions sampled,
assay platforms, normalization methods, sample size, control samples, and statistical
analyses. The factors that regulate the expression of miRNA are not clear; however,
recent studies have suggested that alterations in cellular ROS levels may be involved
[172, 177, 178]. Interestingly, the effect of antioxidants on the expression of miRNA
largely remains unclear and warrants further investigation. Similarly, how aging may
affect the expression of miR-1, miR-206 and miR-133 and their role in age-related
cardiac remodeling and arrhythmias remain unclear.
2.5 Acetaminophen
Acetaminophen (N-acetyl-p-amino-phenol; also known as paracetamol; Figure 1)
is one of the most widely used of all drugs and is well established as a standard
antipyretic and analgesic for mild to moderate pain states [179]. It was first synthesized
at Johns Hopkins University in 1877 and was used in clinical medicine in 1893 by Von
Mehring [180]. Since 1955 acetaminophen has been available over the counter without
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prescription in the United States [180]. During the 1960s and 1970s, increasing concern
was raised about the toxicity of nonprescription analgesics, but in normal use
paracetamol exhibited a consistent safety profile [22]. In the 1980s, when aspirin was
linked to Reye's syndrome, acetaminophen became the mainstay analgesic and antipyretic
for children with a subsequent reduction in the incidence of Reye’s syndrome [179].
Currently, acetaminophen is a first-line drug of choice for pain management and
antipyresis in a variety of patients, including children, pregnant women, the elderly and
those with osteoarthritis, simple headaches, and noninflammatory musculoskeletal
conditions.

Figure 1. Molecular structure of acetaminophen
2.5.1 Mode of Action
Although acetaminophen has been in use for more than 50 years, its precise
mechanism of action remains unclear. It is thought to inhibit prostaglandin synthesis by
inhibition of cyclooxygenase 3 (COX3) in the central nervous system leading to the
antipyretic and analgesic action. It has little effect on the peripheral cyclooxygenase,
explaining its weak anti-inflammatory properties [181, 182].
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2.5.2 Pharmacology
Acetaminophen is rapidly absorbed from the GI tract. In the liver, acetaminophen
undergoes glucuronidation or sulfation. Part of the drug is hydroxylated to N-acetylbenzoquinone-imine (NABI), which is a highly reactive metabolite [183]. Under normal
circumstances, NABI reacts with the sulfhydryl group on glutathione and is excreted in
urine. At very large doses (~7 times the therapeutic dose), glutathione in the liver is
depleted and large amounts of NABI bind covalently with SH groups on hepatic proteins,
permanently impairing their activity [184, 185]. This decrease in activity, if it persists,
can lead to hepatic necrosis, which may be life threatening [186, 187]. Unconjugated
metabolites can also cause renal tubular necrosis [188].
2.5.3 Cardioprotective value of acetaminophen
Despite decades of wide spread use, little is known about the potential
cytoprotective properties of acetaminophen. Until recently, most acetaminophen
investigations have focused on its analgesic/antipyretic properties and hepatotoxicity
while the effects of this drug on other mammalian organ systems, including the heart and
vasculature, have been largely ignored.
When used to block the synthesis of prostaglandin, acetaminophen caused the
concentration-dependent decrements in the production of prostacyclin [189]. Chou et al.
found that by attenuating the activity of myeloperoxidase, which is an important marker
of heart disease in humans [190], acetaminophen significantly reduced the oxidation of
low-density lipoprotein (LDL) in macrophages [191]. With all these preliminary results,
acetaminophen has begun to be considered as an effective antioxidant because of its
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ability to protect from membrane lipid oxidation by scavenging peroxyl radicals and
peroxynitrite [192]. Nakamoto et al. examined the effect of acetaminophen on acute
gastric mucosal injury induced by ischemia-reperfusion in rats and showed that
acetaminophen (300 and 500 mg/kg) administered intraperitoneally 90 min before the
ischemia significantly reduced the total area of erosions measured 60 minutes after
reperfusion compared to control animals. The drug also inhibited the increase in lipid
peroxide levels induced by ischemia-reperfusion in gastric tissue and the increase in lipid
peroxidation caused by hydroxyl radicals in vitro. With these results, they concluded that
acetaminophen protects the gastric mucosa by averting the damaging effects of oxygen
radicals [193]. Merrill et al. have shown that acetaminophen protects isolated guinea pig
hearts from the damaging effects of myocardial ischemia and reperfusion, that it
preserves myofibrillar ultrastructure, and was associated with the attenuated production
of both hydroxyl radicals and peroxynitrite [29]. In an another study, Merrill et al.
investigated the effect of acetaminophen on pentobarbital pretreated isolated guinea pig
hearts that underwent ischemia-reperfusion and reported that

acetaminophen

(0.35mmol/l) significantly reduces the frequency of pentobarbital induced arrhythmias
[27]. Collectively these findings suggest that under selective conditions (e.g., those
causing release of free radicals and other oxidants) acetaminophen can act as an
antioxidant and is able to prevent ventricular arrhythmias [27, 29]. Merrill et al. has
further investigated the cardioprotective efficacy and antioxidant mechanisms of
acetaminophen in global, low-flow myocardial ischemia and reported that acetaminophen
reduced ischemia-mediated protein oxidation. Furthermore, acetaminophen was able to
reduce ventricular dysfunction caused by exogenously administered hydrogen peroxide
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indicating that antioxidant mechanisms were responsible for its cardioprotective
properties during postischemia-reperfusion [25]. Golfetti et al. showed that this was true
even if acetaminophen was administered chronically or at the onset of reflow [28].
Furthermore, acetaminophen has shown to attenuate peroxynitrite-mediated activation of
matrix metalloproteinase-2 (MMP-2) and subsequent cleavage of troponin I (TnI) in
ventricular myocytes following myocardial ischemia-reperfusion in isolated guinea pig
hearts, and to preserve contractile function [194-196]. Experiments directed at
investigating the effect of acetaminophen treatment on non-ischemic, hypoxic and
reoxygenated myocardium revealed that acetaminophen treated hearts retained a greater
fraction of mechanical function and preserved myocardial ultrastructure compared to the
vehicle treated hearts [24]. In the dog, acetaminophen treatment has been shown to
reduce infarct size following ischemia-reperfusion [197]. In another study, the same
authors investigated the antiarrhythmic properties of acetaminophen in dogs by inducing
arrhythmias either by regional myocardial ischemia and reperfusion or injecting toxic
levels of ouabain. Their results indicated that acetaminophen has previously unreported
antiarrhythmic properties and that the mechanism appears to involve either protection of
mitochondrial Na+-K+ pumps or protection of function of the pumps at the sarcolemma
and other locations [198].

Hadzimichalis et al. reported that in guinea pig hearts,

ischemia/reperfusion causes a significant increase in mitochondrial permeability
transition pore (MPTP) opening and mitochondrial cytochrome c release, and that
acetaminophen treatment during injury significantly and completely blocks these effects
leading to a significant decrease in late stage apoptotic myocytes [199]. Taken these
studies together, there is cumulative evidence suggesting that acetaminophen confers
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functional cardioprotection following cardiac insult, including ischemia-reperfusion,
hypoxia-reoxygenation, exogenous hydrogen peroxide and peroxynitrite administration in
different animal models. The mechanistic pathway(s) underlying acetaminophen
mediated cardioprotection may involve its ability to scavenge hydroxyl radical [25],
hydrogen peroxide [200], peroxynitrate [197], myeloperoxidase [191], cyclooxygenase
[189], and other peroxides [193]. Whether the chronic ingestion of acetaminophen is
efficacious in preventing or reducing age-associated cardiovascular dysfunction has not
been investigated.
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CHAPTER III
The following chapter includes three different research papers describing in detail the
research experiments conducted to test our hypotheses set forth for the specific aims I, II
and III of this dissertation project.

PAPER 1
The following paper corresponds to the specific aim I
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Mechanisms of age-related cardiac hypertrophy in the F344XBN rat model

Sunil K. Kakarla1,3, Sudarsanam Kundla2,3, Madhukar Kolli1,3, Anjaiah Katta1, Siva K.
Nalabotu1,3, Emily Whitt3, Kevin M. Rice2,3,4 and Eric R. Blough 1,2,3,4
1

Department of Pharmacology, Physiology and Toxicology, Marshall University,
Joan C. Edwards School of Medicine
2
Department of Biological Sciences, Marshall University
3
Center for Diagnostic Nanosystems, Marshall University
4
Department of Exercise Science, Sport and Recreation, College of Education and
Human Services, Marshall University, Huntington WV

Key words: Aging, Myocardial hypertrophy, protein translational signaling, ERK1/2,
Akt
Running Title: Age-related cardiac hypertrophy is associated with increased
ERK/Akt/mTOR signaling.

34

Abstract
Aims: The aging heart undergoes well characterized changes in cardiac structure and
function though the underlying molecular mechanisms remain obscure. Recent studies
suggest that age-related increases in oxidative stress are associated with increases in
cardiac apoptosis and compensatory hypertrophy of the remaining cardiomyocytes. Here
we examine the possible molecular mechanisms underlying age-related cardiac
hypertrophy in 6, 27, 30, 33 and 36-month F344XBN rat hearts. Methods and results:
Compared to 6-months, the heart to body weight ratio remain unchanged in 27 and 30month rats, but was significantly increased by 26% and 37% in 33- and 36-month old
rats, respectively (P < 0.05). Immunohistochemical staining for the sarcolemmal protein
dystrophin and cytoskeletal protein actin revealed robust increases in cardiomyocyte fiber
cross sectional area by 85% and 187% in very aged 33- and 36-month animals (P <
0.05). Increases in cardiomyocyte size was accompanied by the hyperphosphorylation of
several different signaling molecules including ERK1/2, ERK5, Akt (Ser473 and
Thr308), GSK3β, PTEN, mTOR (Ser2448), 4EBP1 (Thr 37/46) and rpS6 (Ser235/236)
(P < 0.05). Conclusion: Taken together, these data suggest that aging in the F344XBN
rat heart is associated with the activation of the ERK1/2 and Akt signaling pathways.
(Word Count: 189)
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Introduction
Cardiovascular disease remains the leading cause of death in the elderly
population and it is estimated that by 2035, nearly one in four individuals in the United
States will be sixty-five years of age or older [201]. The aged heart undergoes well
characterized structural changes leading to a diminished functional and adaptive reserve
capacity, an increased susceptibility to incur damage and a limited practical ability for
repair / regeneration [5]. Cellular and molecular mechanisms that have been implicated in
age-associated changes in myocardial structure and function in humans have been studied
largely in rodents. The Fischer 344/Brown Norway F1 (F344/BNF1) rat is recommended
for age-related studies by the National Institutes on Aging because this hybrid rat lives
longer and has a lower rate of pathological conditions than inbred rats [202]. According
to the probability of aging curves generated by National Institute on Aging, the aged 30month and very aged 36-month rats correspond roughly to humans in their sixth, and
eighth decades of life, respectively [17]. We and others have performed
echocardiographic studies in F344XBN rats and have reported that intrinsic cardiac aging
in these rodent models closely recapitulates age-related cardiac changes in humans,
including left ventricular hypertrophy, fibrosis, and diastolic dysfunction [16, 17].
Previous data from our laboratory has also suggested that aging in F344XBN rat hearts is
associated with increases in oxidative-nitrosative stress and apoptosis [18, 20, 203].
Recent studies in the aged heart have shown that to compensate for the functional loss
due to cardiomyocyte death that the remaining cardiomyocytes undergo compensatory
hypertrophy [87].
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Although, the increased heart size is initially a compensatory mechanism,
sustained hypertrophy can ultimately lead to decompensation, arrhythmias, contractile
dysfunction and thus represents an independent risk factor for heart failure [109]. It is
well established that increased protein synthesis is a key feature of cardiac hypertrophy
and likely underlies the increased cell and organ size observed under this condition [204].
Previous studies have shown that the extracellular signal-regulated kinase 1/2 (ERK1/2)
plays

a

central

regulatory

role

in

promoting

cardiac

hypertrophy

through

Ras/Raf/MEK/ERK signaling cascade both in vivo and in vitro [205-209] . Other studies
suggested a significant role for protein kinase B or Akt, a serine threonine kinase in
promoting cardiac hypertrophy to varying stimuli [123, 210]. Recently, mammalian
target of rapamycin (mTOR) has emerged as potentially important regulator of cardiac
hypertrophy by promoting protein translational signaling [129, 130]. The molecular
mechanisms underlying cardiac hypertrophy have been very well investigated in models
of physiological and pathological cardiac hypertrophy due to exercise, hypertension,
work overload and loss of myocytes following ischemic damage [112]. However, the
molecular mechanisms underlying aging associated cardiac hypertrophy are not well
understood. A fundamental understanding of the molecular events underlying age-related
cardiac hypertrophy will provide an additional dimension to studies of aged myocardial
biochemistry and function and may be useful in elucidating mechanisms of excitationcontraction coupling in the aging heart. Using F344XBN rat model, here we investigated
the molecular signaling profile underlying age-related cardiac hypertrophy and report that
very aged hearts exhibit activation of multiple signaling mechanisms during the
hypertrophic response.
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Materials and Methods
Animals
Animal care and procedures were conducted in accordance with the Animal Use
Review Board of Marshall University using the criteria outlined by the American
Association of Laboratory Animal Care (AALAC) as proclaimed in the Animal Welfare
Act (PL89-544, PL91-979, and PL94-279). Young (6 months, n = 6), adult (27 months, n
= 6), aged (30-months, n = 6), and very aged (33- and 36 months, n = 6) male F344XBN
rats were obtained from the National Institute on Aging. Rats were housed two per cage
in an AALAC -approved vivarium. Housing conditions consisted of a 12 hour: 12 hour
dark – light cycle with temperature maintained at 22 ± 2°C. Animals were provided food
and water ad libitum. Rats were allowed to acclimate to the housing facilities for at least
two weeks before experimentation began. During this time, the animals were carefully
observed and weighed weekly. None of the animals exhibited signs of failure to thrive,
such as precipitous weight loss, disinterest in the environment, or unexpected gait
alterations.
Tissue collection
Rats were anesthetized with a ketamine-xylazine (4:1) cocktail (50 mg/kg, I/P)
and supplemented as necessary for reflexive response before tissue collections. After
midline laparotomy, the heart was removed and placed in Krebs–Ringer bicarbonate
buffer containing; 118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2
mM MgSO4, 24.2 mM NaHCO3, and 10 mM D-glucose (pH 7.4) equilibrated with 5%
CO2 / 95% O2 and maintained at 37°C. Isolated hearts were quickly massaged to remove
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any blood from the ventricles, cleaned of connective tissue, weighed, and immediately
snap frozen in liquid nitrogen.
Tissue homogenization and determination of protein concentration
Cardiac muscles were homogenized in a Pierce Tissue Protein Extraction Reagent
(T-PER) (10 mL/g tissue; Rockford, IL, USA) that contained protease inhibitors (P8340,
Sigma-Aldrich, Inc., St. Louis, MO, USA) and phosphatase inhibitors (P5726, SigmaAldrich, Inc., St. Louis, MO, USA). After incubation on ice for 30 min, the homogenate
was collected by centrifuging at 12,000 g for 5 min at 4◦C. The protein concentration of
homogenates was determined via the Bradford method (Fisher Scientific, Rockford, IL,
USA). Homogenate samples were boiled in a Laemmli 2× sample buffer (Sigma-Aldrich,
Inc., St. Louis, MO, USA) for 5 min.
SDS-PAGE and immunoblotting
Fifty micrograms of total protein from each sample was separated on a 10%
PAGEr Gold Precast gel (Lonza, Rockland, ME, USA) and then transferred onto a
nitrocellulose membrane using standard conditions [211]. Membranes were stained with
Ponceau S, and the amount of protein quantified by densitometric analysis to confirm
successful transfer of proteins and equal loading of lanes as described previously [212214]. For immunodetection, membranes were blocked for 1 h at room temperature in
blocking buffer (5% non-fat dry milk in TBS-T (20mM Tris-base, 150mM NaCl, 0.05%
Tween-20), pH 7.6), serially washed in TBS-T at room temperature, then probed with
antibodies for the detection of Akt (#9272), phospho-Akt (Ser473) (#9271), phospho-Akt
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(Thr308) (#9275), mTOR (#2972), phospho-mTOR (Ser2448) (#2971), rpS6 (#2217),
phospho-rpS6 (Ser235/236) (#4858), 4E-BP1 (#9452), phospho 4E-BP1 (Thr37/46)
(#9459), eEF2 (#2332), phospho-eEF2 (Thr56) (#2331), Tuberin/TSC2 (#3612),
phospho-Tuberin/TSC2

(Thr1462)

(#3617),

PTEN

(#9552),

phospho-PTEN

(Ser380/Thr382/383) (#9552), GSK-3β (#9315) and phospho- GSK-3β (#9336s) (from
Cell Signaling Technology, Inc., Beverly, MA, USA). Membranes were incubated
overnight at 4◦C in primary antibody buffer (5% BSA in TBS-T, pH 7.6, primary
antibody diluted 1:1000), followed by washing in TBS-T (3X 5 min each), and
incubation with HRP- conjugated secondary antibody (anti-rabbit (#7074) or anti-mouse
(#7076), Cell Signaling Technology, Inc., Danvers, MA, USA) in blocking buffer for 1 h.
After removal of the secondary antibody, membranes were washed (3X 5 min each) in
TBS-T and protein bands visualized on reaction with ECL reagent (Amersham ECL
Western Blotting reagent RPN 2106, GE Healthcare Bio-Sciences Corp., Piscataway, NJ,
USA). Target protein levels were quantified by AlphaEaseFC image analysis software
(Alpha Innotech, San Leandro, CA, USA) and normalized to glyceraldehyde 3-phosphate
dehydrogenase (GAPDH).
Immunohistochemistry
Briefly, sections (8 µm) were washed three times with phosphate-buffered saline
(PBS) containing 0.05% Tween-20 (PBS-T), pH 7.4. After incubation for 30 min in a
blocking solution (5% BSA in PBS-T), sections were incubated with specific antisera
diluted in 3% BSA in PSB-T (antibody dilution of 1:100) for 1 h at 24°C in a humidified
chamber and washed three times with PBS-T prior to incubation with FITC labeled anti40

rabbit IgG (1:200) for 30 min at 24°C in a humidified chamber. Experiments performed
in parallel omitting either the primary or the secondary antibody was utilized to confirm
specificity and background immunoreactivity. DAPI was included in the secondary
antibody solution at a concentration of 1.5 µg/ml in order to visualize cell nuclei. After a
final PBS wash and mounting, specimens were visualized by epifluorescence using an
Olympus fluorescence microscope (Melville, NY, USA) fitted with 209 and 409
objectives. Images were recorded digitally using a CCD camera and the integrated optical
density determined using the AlphaEase software package (Alpha Innotech, Santa Clara,
CA, USA).
Data analysis
Results are presented as mean ± SEM. Data were analyzed by using the SigmaStat
3.5 statistical program. A one-way analysis of variance was performed for overall
comparisons with the Student–Newman–Keuls post hoc test used to determine
differences between groups. The level of significance accepted a priori was P ≤ 0.05.
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Results
Aging in the F344XBN rats is associated with cardiac hypertrophy
Compared to 6-month animals, heart size was visibly larger with age in 27-month
animals and appears to be same in 30-month animals, but then appeared significantly
bigger in 33- and 36-month animals (Figure 2.1A). Compared to 6-month animals, the
body weight was significantly increased until 27-months and then gradually decreased
with age in 30-, 33- and 36-month animals but still significantly higher compared to
young 6-month animals (Figure 2.1B). In a similar fashion, the heart weight was
significantly increased with age in 27-month animals and then tends to decline slightly
yet significantly in 30-month animals, while significantly higher in 33- and 36-month
animals compared to 6-month animals (Figure 2.1B). Whereas, the heart weight to body
weight ratio remained unchanged between 6-, 27- and 30-month animals, while it was
significantly higher in 33- and 36-month animals compared to 6-, 27-, and 30-month
animals (Figure 2.1B) (P < 0.05).
To investigate whether increases in heart mass were associated with larger cardiac
myocytes we next measured the muscle fiber cross sectional area (CSA). Because the
myofibres in different areas of the heart are orientated in different directions we imaged
only those areas of the left ventricle where all the muscle fibers were orientated in a
transverse direction. This task was accomplished by using immunofluorescence after
labeling for dystrophin (FITC-green), actin (rhodamine phalloidin-Red) and DAPI (blue)
on tissue cross sections obtained from 6-, 27-, 30-, 33- and 36-month rat hearts.
Compared to that observed in the 6-month animals, our analysis indicated that the
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average muscle fiber CSA was 20%, 33%, 85% and 187% higher in the 27-, 30-, 33- and
36-month rat hearts, respectively (Figure 2.2) (P < 0.05).
Aging associated cardiac hypertrophy in F344XBN rats is associated with increases
in the activation of the Ras/Raf/MEK/ERK signaling cascade
Several studies have implied that the extracellular signal-regulated kinase 1/2
(ERK1/2) may play a central regulatory role in promoting cardiac hypertrophy through
the Ras/Raf/MEK/ERK signaling cascade [209]. Herein, our immunoblotting results also
suggest that age-related cardiac hypertrophy in the F344XBN rat is associated with a
significant increase in the phosphorylation of ERK1/2. Compared to that observed in the
hearts obtained from 6-month animals, the phosphorylation of ERK1/2 was 19% and
23% lower in 27- and 30-month hearts before increasing by 50% and 263% in the very
aged 33- and 36- month animals (Figure 2.3A) (P < 0.05). In addition to ERK1/2, the
extracellular signal-regulated kinase ERK5 and the serine/threonine-specific phosphatase
calcineurin (CaN) have also been shown to be activated in cardiomyocytes during the
hypertrophic process [117, 119]. Similar to that observed for ERK1/2, it appears that
ERK5 and CaN exhibit a bimodal signaling response with aging as the expression of
these molecules first decreases with age before returning to levels similar to that seen in
the 6-month adult hearts (Figures 2.3B, 3C) (P < 0.05).
PI3K/Akt signaling in aging associated cardiac hypertrophy in the F344XBN rat
Compared to 6-month animals, phosphorylation of Akt at Ser 473 decreased was
31%, 63%, 56% lower and unchanged in 27-, 30-, 33- and 36-month hearts, respectively
(Figure 2.4) (P < 0.05). Similarly, the phosphorylation of Akt at Thr 308 decreased
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significantly by 21%, 18%, unchanged in 27-, 30-, and 33-month animals before
becoming increased in the very aged 36-month old animals (Figure 2.4) (P < 0.05).
Consistent with our Akt findings, the phosphorylation of GSK-3β was 17% and 31%
lower in 27- and 30-month old animals, unchanged in 33-month animals before
increasing to a level 26% higher than that seen in the 6-month animals at 36-months.
(Figure 2.5A) (P < 0.05). Compared to 6-month animals, the phosphorylation of PTEN
significantly decreased with age in 27-, 30- and 33-month hearts by 45%, 53% and 30%,
respectively while it remain unchanged in the very aged 36-month animals (Figure 2.5B)
(P < 0.05).
The mammalian target of rapamycin (mTOR) has recently emerged as potentially
important regulator of cardiac hypertrophy [130]. Phosphorylation of mTOR at Ser 2448
significantly decreased with age in 27- and 30-month hearts by 30% and 30%, while it
was unchanged and 73% higher in the hearts obtained from 33- and 36-month old
animals (Figure 2.6) (P < 0.05). Compared to 6-month animals, the amount of Tuberin /
TSC2 decreased significantly with aging by an amount of 22%, 23%, 33% in 27-, 30-,
and 33-month animals and unchanged in the very aged 36-month animals (Figure 2.7A)
(P < 0.05). The amount of phosphorylated Tuberin / TSC2 remain was 14%, 26% and
56% lower in 30-, 33- and 36-month animals compared to 6-month animals (Figure 2.7A)
(P < 0.05). When compared to 6-month animals, the cardiac expression of raptor was
24%, 48%, 33% and 27% lower in 27-, 30-, 33- and 36-month animals (Figure 2.7B) (P
< 0.05).
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Age-related cardiac hypertrophy in F344XBN rats is associated with increased
protein translational signaling
Increase in phosphorylation of mTOR leads to activation of its downstream
targets S6K1 and 4EBP-1 [215]. Phosphorylated 4EBP1 becomes inactive and binds to
and inactivates eIF4E thereby increasing protein translation [216]. Similar to our findings
for mTOR, the phosphorylation of 4EBP1 was 15%, 33%, 32% lower in 27-, 30- and 33month animals, while it remained unchanged in the very aged 36-month animals (Figure
2.8A) (P < 0.05). Upon activation by mTOR, S6K1 in turn phosphorylates ribosomal
protein S6 (rpS6) leading to increased ribosomal biogenesis and ultimately protein
translation [217]. Compared to 6-month animals, the phosphorylation of rpS6 was 24%,
67%, 13% and 93% higher in 27-, 30-, 33- and 36-month animals (Figure 2.8B) (P <
0.05).
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Discussion
In spite of advances in treatment and early diagnostic approaches, cardiovascular
disease still remains the leading cause of death in the elderly. Studies in both humans and
animal models have indicated that aging is associated with alterations in cardiac structure
and function including myocyte dropout and a compensatory hypertrophy of the
remaining myocytes [16, 17, 108]. Similar to that seen in humans, previous work using
the aging F344XBN rat model, has demonstrated aging in these rats is associated with
increases in cardiac oxidative-nitrosative stress, and apoptosis [18, 20]. Here we examine
the signaling processes that may be associated age-related cardiomyocyte hypertrophy.
Heart size and heart weight gradually increased with age until 27-months,
declined slightly in 30-month animals and then regained in 33- and 36-month animals,
while the body weight increased significantly until 27-months and then tends to decline
gradually in 30-, 33- and 36-month rats (Figure 2.1). Whereas the heart to body weight
ratio remain unchanged up to 30 months before increasing significantly and peaking at
36-months of age (Figure 2.1). These findings suggest that the heart seems to grow in a
parallel fashion with body weight until 27-months of age and then declining at 30-months
of age before undergoing pathological hypertrophy in very aged 33- and 36-months of
animals. The decline in heart weight we observed in 30-month animals compared 27month animals might be due to increase in cardiomyocyte apoptosis with age, which we
have reported earlier in F344XBN rats [20]. To investigate whether the increases in heart
weight were due to cardiomyocyte hypertrophy or to increases in fibrosis or some other
alteration, we measured the cardiomyocyte cross sectional area. Our data showed that the
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cardiomyocyte fiber cross sectional areas tends to increase rapidly from 30 – 36 months
before reaching a maximal diameter at 36 months that is nearly three times larger than
that observed in the 6-month adult animals (Figure 2.2). These data are in agreement with
the heart to body weight ratio findings discussed above indicating that the
cardiomyocytes grow in size in a parallel fashion to body weight until 30-months of age
and then rapidly growing in size due pathological cardiac hypertrophy in very aged 33and 36-month animals.
The factors regulating cardiac hypertrophy are not fully understood however
several reports have demonstrating a role for the Raf/MEK/ERK signaling pathway [123,
204, 208, 209, 218, 219]. The data of the present study support this contention as ERK1/2
was robustly increased in the 33- and 36-month rat hearts (Figure 2.3A). Similar findings
were also observed for ERK5 (Figure 2.3B). Like ERK1/2, the activation of ERK5 in
cardiomyocytes has been shown to increase in response to a variety of hypertrophic
stimuli [117, 118]. Using a transgenic mice model, Sanna et al., demonstrated that
MEK1–ERK1/2 pathway induces cardiac hypertrophy in vivo, at least in part, by
enhancing the transcriptional activity of NFAT [119]. Calcineurin is a calciumcalmodulin activated serine/threonine-specific phosphatase that is activated by sustained
elevations in intracellular calcium and is thought to mediate the hypertrophic response
through its downstream transcriptional effector nuclear factor of activated T cells
(NFAT) [120]. Similar to our findings for the activation of ERK1/2 and ERK5, we also
observed a decrease in the amount of calcineurin with age in 27- and 30-month animals
and then tend to recover in very aged 33- and 36-month rat hearts (Figure 2.3C).
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It is well accepted that the chronic stimulation of the PI3K/Akt signaling pathway
participates in the development of myocardial hypertrophy [121-123]. Indeed, PI3K/Akt
signaling has been shown to be activated in response to pressure overload in the rodent
heart and following the incubation of cultured cardiomyocytes with growth factors [124].
PI3K inhibitors have also been shown to block ligand-induced hypertrophy in cultured
cardiomyocytes [220] while the over-expression of a constitutively active Akt (caAkt) in
the heart has been reported to increase heart weight and cell size [221], [222]. Our data
are in agreement with these findings. Specifically, we observed decreased
phosphorylation (activation) of Akt at Ser 473 and Thr 308 with age in 27- and 30-month
animals, while significantly recovered in 33- and 36-month animals (Figure 2.4). The
decrease in the amount of calcineurin and the phosphorylation of Akt we observed in 30month animals compared to 6- and 27-month animals might be due increases in
cardiomyocyte apoptosis in 30-month F344XBN rats that we have reported before and
the underlying molecular mechanisms awaits future investigations [20]. The GSK3β is a
downstream substrate of Akt that is inhibited by Akt-mediated phosphorylation. GSK3β
functions to negatively regulate the activity of GATA4, β-catenin, c-Myc and NFAT
[223] which leads to a blunting of the hypertrophy response [224]. In agreement with this
data, we note an increased phosphorylation GSK3β in very aged and hypertrophied 36month F344XBN rat hearts (Figure 2.5A). Phosphatase and tensin homolog (PTEN), has
been shown to function as a negative modulator of PI3K/Akt/mTOR pathway that is
inactivated upon phosphorylation [225]. Consistent with our Akt data, the
phosphorylation of PTEN was found to be decreased with age in 27- and 30-months of
age and then recovered significantly in the very aged 33- and 36-month animals (5B).
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Taken together, our data suggests that the PI3K/Akt pathway may be involved in
regulating age-associated cardiac hypertrophy in F344XBN rats.
Like Akt, a growing body of evidence suggests that mTOR may play a key role in
regulating cell growth and protein synthesis [129, 226]. Rapamycin, an inhibitor of
mTOR activity has been shown to attenuate pressure overload cardiac hypertrophy
induced by aortic banding [131] and also blocked skeletal muscle hypertrophy [132].
Here we demonstrate a large increase in the amount of mTOR phosphorylation in the
very aged 36-month animals (Figure 2.6). To examine the upstream signaling events that
may be associated with this age-associated activation of mTOR, we next investigated the
effect of aging on the regulation of TSC2 and Raptor. The tuberous sclerosis complex
TSC2 inhibits mTOR when unphosphorylated while the phosphorylation of this molecule
is thought to lead to increased mTOR activity [227]. Unexpectedly, we found a gradual
decrease in the phosphorylation of TSC2 with aging (Figure 2.7A). As decreased TSC2
phosphorylation is hypothesized to decrease mTOR activity, it is possible that the agingassociated activation of mTOR we observed is not due to alterations in TSC2 regulation.
In addition, why aging-related increases in the phosphorylation of Akt are not associated
with higher levels of TSC2 phosphorylation is currently unclear. Given that recent studies
have suggested a cross talk between Ras/ERK signaling and mTOR during cardiac
hypertrophy [228, 229], the increased phosphorylation of mTOR we see with aging may
be ERK1/2-dependent or due to some other factor. Besides TSC2, it is thought that
Raptor may also function to influence mTOR activity [230]. Unlike our findings for
TSC2, the amount of Raptor was found to decrease with age until 30-months of age and
49

then tend to recover significantly in the very aged 33- and 36-month animals (Figure
2.7B). Whether this increase in Raptor is directly linked to the increased phosphorylation
of mTOR is currently unclear. Future studies directed to investigate the link will no doubt
provide clues for better understanding of the molecular mechanisms that underlie agerelated cardiac hypertrophy.
It is thought that mTOR may be involved in controlling a number of downstream
signaling proteins that regulate mRNA translation [133] such as the translational
repressor proteins 4E-binding protein-1 (4E-BP1) and the ribosomal protein S6 kinase
(rp6k) [123]. Consistent with our findings of an increased mTOR phosphorylation, here
we found that the phosphorylation of 4EBP1 decreased significantly with age until 33months before recovering to the level of 6-month animals in very aged 36-month animals
(Figure 2.8A). The phosphorylation of rpS6 was increased significantly in the very aged
36-month animals (Figures 2.8B). Taken together, our current and previous findings [17,
18, 20, 203] suggest that aging in the F344XBN rat heart is associated with diminished
cardiac function, elevations in oxidative stress, increased cardiomyocyte apoptosis and
cardiomyocyte hypertrophy.
In summary, findings from this study suggest that aging in F344XBN rats is
associated with cardiac hypertrophy and the underlying molecular mechanisms probably
involve increased activation of the ERK1/2 and Akt signaling pathways (Figure 2.9). As
shown in schematic diagram (Figure 2.9), advanced aging in F344XBN rat hearts is
associated with increased activation of ERK1/2-Akt signaling pathways leading to
increased activation of mTOR associated signaling mechanisms thereby resulting in
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increased protein synthesis and ultimately cardiac hypertrophy. How these events and
processes are interrelated is still unclear and will require further investigation. Given the
high prevalence of age-associated heart disease worldwide and the ever growing
expansion of the elderly population it is anticipated that a greater understanding of the
molecular mechanisms associated with age-related cardiac hypertrophy could lead to
valuable improvements in the ability to manage heart disease.
Funding
This study was supported by Department of Energy Grant DE-PS02-09ER09-01 to
E.R.B.
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Figures

Figure 2. 1. Heart size, heart weight, body weight, heart weight to body weight ratio
altered with age in F344XBN rats. A. Image series depicting hearts immediately after
excision from the rats. B. Heart weight and heart weight to body weight ratio
significantly increased in very aged 33- and 36-month animals compared to 6-, 27- and
30-month animals. Data are mean ± SE (n = 6). abc: Groups without the same letter are
significantly different (P < 0.05).
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Figure 2. 2. Aging in F344XBN rats is associated with cardiomyocyte hypertrophy. Aging
in F344XBN rats is associated with cardiomyocyte hypertrophy. A. Immunofluorescence
labeling of dystrophin (FITC-green), actin staining (rhodamine phalloidin-red) and nuclei
(DAPI-blue) in 6-, 27-, 30-, 33- and 36-month F344XBN rat heart cross sections. Bar =
50µm. B. Muscle fiber cross sectional area (µm2/fiber). Number of fibers measured for
6-, 27-, 30-, 33- and 36-month rats was 640, 423, 311, 235 and 190 respectively. Data
are mean ± SE (n = 4). abcd: Groups without the same letter are significantly different (P
< 0.05).
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Figure 2. 3. Aging is associated with higher phosphorylation of ERK1/2, ERK5 and total
calcineurin protein in F344XBN rat hearts. Protein isolates of hearts excised from 6-, 27-,
30-, 33- and 36-month rats were analyzed by immunoblotting for changes in total and
phosphorylated ERK1/2 (A), ERK5 (B) and total protein content of calcineurin (C).
Ponceau S staining of the nitrocellulose membrane along with densitometric analysis of
protein present was done to verify equivalent protein loading between the lanes (data
not shown). Data are mean ± SE (n = 6). abcde: Groups without the same letter are
significantly different (P < 0.05).
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Figure 2. 4. Aging is associated with higher phosphorylation of Akt in F344XBN rat
hearts. Protein isolates of hearts excised from 6-, 27-, 30-, 33- and 36-month rats were
analyzed by immunoblotting for changes in total and phosphorylated Akt (Ser 473, Thr
308). Ponceau S staining of the nitrocellulose membrane along with densitometric
analysis of protein present was done to verify equivalent protein loading between the
lanes (data not shown). Data are mean ± SE (n = 6). abcd: Groups without the same
letter are significantly different (P < 0.05).
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Figure 2. 5. Aging is associated with higher phosphorylation of GSK3β and PTEN in
F344XBN rat hearts. Protein isolates of hearts excised from 6-, 27-, 30-, 33- and 36month rats were analyzed by immunoblotting for changes in total and phosphorylated
GSK3β (A) and PTEN (B). Ponceau S staining of the nitrocellulose membrane along with
densitometric analysis of protein present was done to verify equivalent protein loading
between the lanes (data not shown). Data are mean ± SE (n = 6). abcd: Groups without
the same letter are significantly different (P < 0.05).
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Figure 2. 6. Aging is associated with higher phosphorylation of mTOR in F344XBN rat
hearts. Protein isolates of hearts excised from 6-, 27-, 30-, 33- and 36-month rats were
analyzed by immunoblotting for changes in total and phosphorylated mTOR (Ser 2448).
Ponceau S staining of the nitrocellulose membrane along with densitometric analysis of
protein present was done to verify equivalent protein loading between the lanes (data
not shown). Data are mean ± SE (n = 6). abcd: Groups without the same letter are
significantly different (P < 0.05).
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Figure 2. 7. Aging lowers the phosphorylation of TSC2 and is associated with higher
expression of Raptor in F344XBN rat hearts. Protein isolates of hearts excised from 6-,
27-, 30-, 33- and 36-month rats were analyzed by immunoblotting for changes in total
and phosphorylated TSC2 (A) and total protein content of Raptor (B). Ponceau S staining
of the nitrocellulose membrane along with densitometric analysis of protein present
was done to verify equivalent protein loading between the lanes (data not shown). Data
are mean ± SE (n = 6). abcde: Groups without the same letter are significantly different
(P < 0.05).
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Figure 2. 8. Aging is associated with higher phosphorylation of 4EBP1 and rpS6 in
F344XBN rat hearts. Protein isolates of hearts excised from 6-, 27-, 30-, 33- and 36month rats were analyzed by immunoblotting for changes in total and phosphorylated
4EBP1 (A) and rpS6 (B). Ponceau S staining of the nitrocellulose membrane along with
densitometric analysis of protein present was done to verify equivalent protein loading
between the lanes (data not shown). Data are mean ± SE (n = 6). abcde: Groups without
the same letter are significantly different (P < 0.05).
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Figure 2. 9. Proposed scheme depicting the possible molecular mechanisms underlying
age-associated cardiac hypertrophy in F344XBN rats. Molecules shown in the blue were
experimentally assessed in this study, while the molecules in the other circles are
postulated to be involved in inducing cardiac hypertrophy to varying stimuli in the
previous studies. Aging associated hypertrophy in F344XBN rats is predominantly
mediated via ERK/Akt/mTOR signaling.
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Abstract
There is a growing need for pharmacological agents to manage cardiovascular disease in
the rapidly growing elderly population. Here we determine if acetaminophen is
efficacious in decreasing age-related increases in cardiac reactive oxygen species (ROS)
and apoptosis in aging Fischer344XBrown Norway rats. Compared to 6-month control
animals, indices of oxidative (superoxide anion [O2•–] and 4-hydroxy-2-nonenal [4HNE]) and nitrosative (protein nitrotyrosylation) stress were markedly increased in 33month old rat hearts. Thirty three month animals that had been treated with
acetaminophen (30mg/kg/day p.o. for six months) exhibited diminished age-related
increases in cardiac ROS levels and TUNEL positive nuclei and these changes were
accompanied by improvements in the Bax/Bcl2 ratio, diminished evidence of caspase-3
activation and increased phosphorylation of protein kinase B (Akt), ERK1/2, p70S6K and
GSK-3β. Taken together these results suggest that acetaminophen may attenuate the age
associated increases in cardiomyocyte apoptosis, possibly via diminishing age associated
elevation in ROS production.
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Introduction
Cardiovascular disease (CVD) is responsible for more than 30% of all deaths
worldwide and heart failure is the leading cause of death in individuals over age 65 [231].
Large cross-sectional epidemiological studies have demonstrated that aging, by itself,
confers a greater risk for CVD than do the other major risk factors such as plasma lipid
levels, smoking, diabetes, or sedentary lifestyle [232, 233]. Although not well
understood, it has been hypothesized that the profound impact of age on the risk of the
occurrence, severity, and prognosis of cardiovascular disease is related to age-associated
changes in cardiovascular structure and/or function [234].
Similar to humans, advanced aging in the Fischer 344 X Brown Norway
(F344XBN) rat is characterized by cardiac remodeling and an impairment of cardiac
function [32]. The molecular mechanisms responsible for these changes are presently
unclear; however recent data have suggested that age-associated increases in cardiac
apoptosis could play a role in the pathological remodeling of the heart and heart failure
[235, 236]. It is thought that this increased apoptotic activity may be regulated, at least in
part, by the increased production of reactive oxygen species (ROS) [237]. Whether
pharmacological intervention during aging is able to diminish age-associated increases in
cardiac ROS and cardiac apoptosis has not been fully elucidated.
Acetaminophen ((N-acetyl p-aminophenol) is a non-narcotic analgesic and
antipyretic agent with weak anti-inflammatory activity that has been used therapeutically
for several decades [22]. Recent work has suggested that acetaminophen exhibits potent
anti-oxidant activity and that an acute bolus of acetaminophen is effective in preventing
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ROS-associated cardiac damage in the rat and dog heart [28, 29]. On the basis of these
reports and previous data demonstrating that chronic acetaminophen (30 mg/kg body
weight / day) ingestion can be safely (e.g., in the absence of heptatoxicity) used to
decrease age-associated increases in skeletal muscle ROS levels [238], we tested whether
acetaminophen treatment could also decrease cardiac ROS levels and the incidence of
age-related apoptosis.
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Materials and Methods
Animals
All procedures were performed in accordance with the Marshall University
Institutional Animal Care and Use Committee (IACUC) guidelines, using the criteria
outlined by the American Association of Laboratory Animal Care (AALAC). Fischer
344/NNiaHSD x Brown Norway/BiNia (F344XBN) rats aged 6 and 27 months, were
purchased from the National Institute on Aging colony in Harlan. Rats were housed two
per cage in an AAALAC approved vivarium with a 12 hour light-dark cycle and
temperature maintained at 22 ± 2°C, and fed ad libitum. All animals were allowed to
acclimatize for 2 weeks before initiation of any treatment or procedures. All animals were
examined for precipitous weight loss, failure to thrive or unexpected gait alterations and
animals with apparent abnormalities were removed from the study. Periodic weight
measurements were taken throughout the duration of the study.

Acetaminophen treatment and tissue collection
The F344XBN rats (27-month) were given acetaminophen (30 mg/kg body
weight/day, Sigma-Aldrich, Inc., St. Louis, MO, USA) for 6 months in drinking water.
Age-matched F344XBN rats were maintained as controls. Rats were anesthetized with a
ketamine–xylazine (4:1) cocktail (50 mg/kg, I/P) and supplemented as necessary for
reflexive response before tissue collections. After midline laparotomy, the heart was
removed and placed in Krebs-Ringer bicarbonate buffer (KRB) containing; 118 mM
NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 24.2 mM
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NaHCO3, and 10mM α-D-glucose, (pH 7.4) equilibrated with 5% CO2 / 95% O2 and
maintained at 37°C. Isolated hearts were quickly massaged to remove any blood from the
ventricles, cleaned of connective tissue, weighed, and immediately snap frozen in liquid
nitrogen.

Dihydroethidium staining
Cardiac muscles were serially sectioned (8 μm) using an IEC Microtome cryostat
and the sections were collected on poly-lysine coated slides. The fluorescent superoxide
indicator dihydroethidium [hydroethidine (HE)] was used to evaluate superoxide levels as
outlined elsewhere [239]. Upon oxidation, dihydroethidium is intercalated within DNA
exhibiting a bright fluorescent red [240]. Briefly, frozen tissue sections were washed with
phosphate-buffered saline (PBS) for 5 min and then incubated with 200 µl of 10 μm of
dihydroethidium (Molecular Probes, Eugene, OR, USA) for 1 h at room temperature.
After washing with PBS (3 × 5 min), fluorescence was visualized under Texas red filter
using an Olympus BX51 microscope (Olympus America, Melville, NY, USA) equipped
with Olympus WH 20× widefield eyepieces and an Olympus UPlanF1 40×/0.75 objective
lens.

Immunohistochemistry
Immunostaining for nitrotyrosine (#9691, Cell Signaling Technology, Beverly,
MA, USA) and 4-HNE (#MHN-020P, JaICA, Shizuoka, Japan) was visualized by
immunofluorescence as outlined by the antibody manufacturer. Briefly, sections were
washed three times with phosphate-buffered saline (PBS) containing 0.5% Tween-20
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(PBS-T), pH 7.4. After incubation for 30 min in a blocking solution (5% BSA), sections
were incubated with specific antisera diluted in 3% BSA in PSB-T (antibody dilution of
1:100) for 1 h at 24°C in a humidified chamber. After washing three times with PBS-T,
sections were incubated with FITC anti-rabbit IgG (1:200) for 30 min at 24°C in a
humidified chamber. Experiments performed in parallel omitting either the primary or
secondary

antibody

were

utilized

to

confirm

specificity

and

background

immunoreactivity. DAPI was included in the secondary antibody solution at a
concentration of 1.5 μg/ml in order to visualize cell nuclei. After a final PBS wash and
mounting, specimens were visualized by epifluorescence using an Olympus fluorescence
microscope (Melville, NY, USA) fitted with 20x and 40x objectives. Images were
recorded digitally using a CCD camera and the integrated optical density determined
using the AlphaEase software package (Alpha Innotech, Santa Clara, CA).

TUNEL staining
DNA fragmentation after staining for dystrophin was determined by TdTmediated dUTP nick end labeling (TUNEL) according to the manufacturer’s
recommendations (In Situ Cell Death Detection Kit, Roche Diagnostics, and Mannheim,
Germany). TUNEL staining was performed on tissue sections (8 μm) obtained from 6
month control (n=4), 33 month control (n=4), and 33 month treated (n=4) hearts, which
were fixed with 4% paraformaldehyde, washed with PBS (pH 7.4), and then
permeabilized with 0.1% sodium citrate and 0.1% Triton-X. Cross-sections from each
muscle were treated with DNase I to induce DNA fragmentation as a positive control.
Heart sections were blocked with 3% BSA and incubated with anti-dystrophin antibody
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(NCL-DYS2, Novocastra Vector Laboratories, Burlingame, CA) at a dilution of 1:200 to
visualize the cell membrane. Nuclei were counter stained using DAPI (VECTASHIELD
HardSet Mounting Medium, Vector Laboratories, Burlingame, CA).

Muscle cross

sections were visualized by epifluorescence using an Olympus fluorescence microscope
(Melville, NY) fitted with 20X and 40X objectives and images were recorded digitally
using a CCD camera (Olympus, Melville, NY). The number of TUNEL positive nuclei
was counted in three randomly selected regions in each slide. Four different animals were
counted from each group.

Immunoblotting analysis
Portions of individual cardiac muscles homogenized in buffer (T-PER, 2 mL/g
tissue; Pierce, Rockford, IL) containing protease (P8340, Sigma-Aldrich, Inc., St. Louis,
MO, USA) and phosphatase inhibitors (P5726, Sigma-Aldrich, Inc., St. Louis, MO,
USA). After incubation on ice for 30 min, the homogenate was collected by centrifuging
at 12,000 g for 5 min at 4◦C. Protein concentration of homogenates was determined via
the Bradford method (Fisher Scientific, Rockford, IL, USA). Homogenate samples were
boiled in a Laemmli 2X sample buffer (Sigma-Aldrich, Inc., St. Louis, MO, USA) for 5
min. Fifty micrograms of total protein for each sample was separated on a 10% PAGEr
Gold Precast gel (Lonza, Rockland, ME, USA) and then transferred to nitrocellulose
membranes. Gels were stained with a RAPID Stain protein stain reagent (G-Biosciences,
St. Louis, MO, USA) to verify transfer efficiency to membrane. Membranes were stained
with Ponceau S and the amount of protein quantified by densitometric analysis to confirm
successful transfer of proteins and equal loading of lanes as detailed somewhere else [20].
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Membranes were blocked with 5% milk in Tris Buffered Saline (TBS) containing 0.5%
Tween- 20 (TBST) for 1 h and then incubated with primary antibody overnight at 4◦C.
After washing with TBST, the membranes were incubated with the corresponding
secondary antibodies conjugating with horseradish peroxidase (HRP) (anti-rabbit (#7074)
or anti-mouse (#7076), Cell Signaling Technology, Danvers, MA, USA) for 1 h at room
temperature. Protein bands were visualized following reaction with ECL reagent
(Amersham ECL Western Blotting reagent RPN 2106, GE Healthcare Bio-Sciences
Corp., Piscataway, NJ, USA). Target protein levels were quantified by AlphaEaseFC
image analysis software (Alpha Innotech, San Leandro, CA, USA). Primary antibodies
against Caspase-3 (#9662), cleaved Caspase-3 (#9661S), Bax (#2772), Bcl2 (#2870S) ,
Akt (#9272), p-Akt (Thr308#9275S/Ser473#9271L), mTOR (#2972), p-mTOR (Ser2448,
#2971S), p70 S6K (#9202), p-p70 S6K (Thr421/Ser424) (#9204S), ERK1/2 (#9102) and
p-ERK1/2 (#4377S) were purchased from Cell Signaling Technology (Beverly, MA,
USA).
Data Analysis
Results are presented as mean ± SEM.

Data were analyzed by using the

SigmaStat 3.5 statistical program. A one-way analysis of variance (ANOVA) was
performed for overall comparisons with the Student-Newman-Keuls post hoc test used to
determine differences between groups. The level of significance accepted a priori was ≤
0.05.
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Results
Acetaminophen decreases indices of cardiac ROS
Compared to 6-month animals, body weight was significantly increased with age
(Table 1). Acetaminophen treatment significantly attenuated age-associated increases in
heart weight and heart / body weight ratio (n=6; P < 0.05). Compared to 6-month control
and 33-month treated animals, dihydroethidium reactivity was visibly increased in 33month control hearts (Figure 3.1). Because superoxide can also react with nitric oxide to
form other reactive oxygen species such as peroxynitrite, we also examined heart sections
for the presence of protein nitrosylation using an antibody that recognizes proteins and
peptides containing nitrated tyrosine residues. With aging, the amount of immunoreactive
nitro-tyrosine signal was increased (Figure 3.1). Similar to our findings with
dihydroethidium, acetaminophen ingestion appeared to visibly decrease the amount of
protein nitration (Figure 3.1). In an effort to further investigate the effect of chronic
acetaminophen ingestion on cardiac ROS, we also examined the presence of proteins
modified by lipid peroxidation using immunohistochemistry and an antibody that
recognizes the lipid peroxidation metabolite 4-hydroxy-2-nonenal (4-HNE) [241].
Compared to 6-months animals, the aged myocardium was characterized by a marked
increase in the amount of 4-HNE immunoreactivity (Figure 3.1). Relative to the aged
controls, acetaminophen treatment was found to visibly decrease 4-HNE levels (Figure
3.1). Taken together, these data suggest that chronic acetaminophen ingestion is
associated with diminished indices of cardiac ROS.
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Acetaminophen decreases age-associated cardiomyocyte apoptosis
Excessive oxidative stress is a well characterized stimulus for cellular apoptosis.
To examine this relationship with aging and acetaminophen treatment we used TdTmediated dUTP nick end labeling (TUNEL) to determine the number of cardiomyocytes
that exhibited DNA fragmentation. Compared to adult animals, heart sections from the
aged control group showed significant increases in the number of TUNEL positive nuclei
(Figure 3.2).
To extend upon our TUNEL findings we next examined the regulation of Bax and
Bcl-2. Compared to 6-month animals, Bcl-2 protein levels were 40% lower (P < 0.05)
with aging (Figure 3.3). Acetaminophen treatment in aged animals increased Bcl-2
protein levels by 68% (P < 0.05). Conversely, the amount of Bax remains unchanged
with aging or treatment. It is thought that the ratio of Bax to Bcl-2 plays an important role
in regulating the progression to apoptosis with cell death favored as the balance shifts
toward Bax [103]. With aging, the ratio of Bax to Bcl2 was increased by 68% (P < 0.05).
Compared to 33-month control animals, chronic acetaminophen treatment decreased the
Bax to Bcl2 ratio by 35% (P < 0.05) (Figure 3.3).
Caspases are cysteine-dependent aspartate specific proteases that are activated
during cell death [104]. Compared to 6-month control animals, the amount of full length
(inactive) caspase-3 was 22% (P < 0.05) and 36% (P < 0.05) higher in 33-month control
and treated animals (Figure 3.4) (P < 0.05). Caspase-3 activation, as measured by
densitometric analysis of the cleaved 19 and 17 Kda caspase-3 fragments, was similar
between 6-month adult and 33-month old treated animals but 186% and 92% higher (P <
0.05) in the 33-month control hearts (Figure 3.4). Taken together, these data suggest that
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chronic acetaminophen treatment decreases the incidence of age-related cardiomyocytes
apoptosis.
Acetaminophen attenuates age-associated alterations in cell survival signaling
The Akt/PKB is a serine/threonine protein kinase that functions as a critical
regulator of cell survival through its ability to prevent apoptosis [242]. Acetaminophen
increased Akt Thr308 and Ser473 phosphorylation (activation) by 29% (P<0.05) and
99% (P<0.05), respectively (Figure 3.5). To confirm these findings we also examined the
phosphorylation of the mammalian target of rapamycin (mTOR) on the basis of recent
data suggesting that the phosphorylation of this molecule mediates the activation of Akt
[243]. Compared to untreated control animals, acetaminophen increased mTOR (Ser
2448) phosphorylation by 79% (P<0.05) (Figure 3.6). Recent studies have suggested that
oxidative stress causes decreases in ERK1/2 phosphorylation [244] and that therapeutic
approaches to increase phosphorylation of ERK1/2 can confer cardioprotection [245].
Similar to these studies, six months of acetaminophen treatment significantly increased
phosphorylation of ERK1/2 by 32% compared to that observed in the untreated control
animals (P<0.05) (Figure 3.7). To further confirm this increase in ERK1/2 activity, we
next examined the phosphorylation status of the ERK1/2 substrate, p70S6K, at
Thr421/Ser424 [246]. As expected, acetaminophen treatment significantly increased
p70S6k phosphorylation (Thr421/Ser424) by ~110% compared to that observed in the
age-matched untreated control animals (P<0.05) (Figure 3.8). Like Akt/PKB, glycogen
synthase kinase 3-beta (GSK-3β) has been shown to hinder apoptosis as it can inhibit the
opening of the mitochondrial permeability transition pore (mPTP) when phosphorylated
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[247]. Compared to untreated control animals, acetaminophen treatment significantly
increased the phosphorylation of GSK-3β (Ser 9) by 42% (P<0.05) (Figure 3.9).
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Discussion
The age-related accumulation of ROS-induced biomolecules is thought to play a
major role in the development of cardiovascular disease [82]. For instance, both clinical
and experimental evidence have indicated that ROS are increased in chronic heart failure
[248].

Furthermore, antioxidants and free radical scavengers have been shown to

mitigate age-related and other ROS induced cardiac pathologies [249, 250]. In particular,
aspirin is an anti-oxidative compound with clearly demonstrated efficacy in the
prevention of heart disease [251]. Still, prophylactic aspirin therapy fails to fully prevent
the development of heart disease, increases the risk of bleeding problems, and is
associated with other safety concerns [251]. Thus, the prevention of heart disease in the
elderly could be improved significantly by the identification and characterization of
additional compounds that are safe, affordable, and effective for long-term use in
humans. In fact, characterization of the long-term effects of such compounds is crucial in
the development of combinatorial antioxidative treatments, which may eventually
represent the most effective treatment for multiple degenerative diseases [252]. Here, we
demonstrate that the chronic use of acetaminophen acts to diminish the incidence of
cardiomyocyte apoptosis in the aging F344XBN rat model.
Age-related increases in cardiac ROS levels have been implicated in the
pathological remodeling of the heart and heart failure [253]. Previous studies using the
F344XBN rat have demonstrated that aging in these animals is characterized by an
elevation in the amount of cardiac ROS, protein nitration and 4-hydroxy-2-nonenal (4HNE) [18]. The findings of the current study support these data while also demonstrating
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that elevated indices of oxidative stress can be attenuated by chronic acetaminophen
treatment (Figure 3.1). To our knowledge, these findings have not been demonstrated
before.
How acetaminophen might decrease cardiac ROS is not well understood. Previous
reports suggest that acetaminophen may act as an antioxidant as it is a mono-phenol [23].
Possible sources of increased ROS in the aging myocardium have not been fully
elucidated but could include xanthine and NAD(P)H oxidoreductases, cyclooxygenase,
the mitochondrial electron transport chain and activated neutrophils, among many others
[254]. Although many of these sources could potentially produce ROS, it is thought that
increased NADH/NAD(P)H oxidase and / or alterations in mitochondrial function may
be the main cause of augmented ROS generation in the aged heart [255]. Whether agerelated alterations in these systems or others are responsible for the increases in the ROS
indices we see in the aging F344XBN heart is currently being investigated. Similarly,
whether acetaminophen affects these processes or others is not clear.

Merrill and

colleagues have shown that acetaminophen significantly reduces ventricular dysfunction
caused by exogenously administered hydrogen peroxide [29] and that it attenuates the
burst of hydroxyl radicals released in the early minutes of reperfusion following global
myocardial ischemia [27]. Chronically administered acetaminophen has also been shown
to provide cardioprotection to the postischemic, reperfused rodent myocardium [28]. In a
recent study using Langendorff-perfused guinea pig hearts, Hadzimichalis and colleagues
demonstrated that administration of acetaminophen just before an ischemic attack can
result in attenuation of functional damage via inhibition of MPTP opening and
cytochrome c release-induced apoptotic cell death following ischemia/reperfusion [199].
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Acetaminophen has also been found to be effective in attenuating the deleterious effects
of peroxynitrate [197], myeloperoxidase [191], cyclooxygenase [189], and other
peroxides [193]. Whether acetaminophen targets these or other types of ROS and if this
action, if present, is responsible for the effects we observe in the aging F344XBN heart
will require further study.
Increases in cardiac apoptosis have been implicated in the pathological
remodeling of the heart and heart failure [20]. This increased apoptotic activity may be
mediated by the increased production of ROS [237, 252]. Indeed, oxidative stress seems
to function as a master regulator of apoptosis in cells [252]. In addition to apoptosis,
ROS levels may also act to expand the region of apoptotic activity surrounding damaged
cells during heart attack and stroke [256]. Given the potential linkages between ROS
levels and cardiomyocyte apoptosis we examined the effect of chronic acetaminophen
ingestion on the amount of TUNEL positive cells in heart sections of aged control and
acetaminophen treated animals. Consistent with our findings demonstrating that
acetaminophen can reduce indices of cardiac ROS, we also show that acetaminophen
may be efficacious in reducing the amount of age-related cardiac myocytes apoptosis
(Figure 3.2). In an effort to confirm these findings, we next investigated the ratio of Bax
to Bcl-2. Bax is a key pro-apoptotic regulator that can insert itself into the outer
mitochondrial membrane and promote the release of mitochondrial apoptogenic factors
[99]. Conversely, Bcl-2 is an anti-apoptotic factor that is thought to block the membrane
insertion of Bax by forming Bax/Bcl-2 heterodimers [100]. It is postulated that the ratio
of Bax to Bcl-2 plays an important role in regulating cellular apoptosis with cell death
being favored as the balance shifts toward Bax [103]. Consistent with our TUNEL data,
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we found that chronic acetaminophen treatment reduces apoptotic Bax / Bcl-2 signaling
in the aged F344XBN rat heart (Figure 3.3).
It has been postulated that cytosolic cytochrome-c couples with apoptotic protease
activating factor-1 (Apaf-1) which leads to the activation of caspase-9.

Activated

caspase-9 in turn has been shown to cleave caspase-3 resulting in caspase-3 activation
and proteolytic disassembly of the cell [104]. Similar to previous work [257], and
consistent with our TUNEL and Bax/Bcl-2 data, we also observed an increase in the level
of cleaved caspase-3 with aging (Figure 3.4). In addition, we also demonstrate that
acetaminophen treatment is associated with decreased caspase-3 activation (Figure 3.4).
Whether this decrease in caspase-3 activation by itself, or acting in concert with other
factors is responsible for the decreases in apoptosis we see with acetaminophen treatment
is currently unclear.
To investigate the possibility that molecules other than caspase-3 might also play
a role in regulating the acetaminophen-associated decreases in cardiac apoptosis
observed, we also examined the effects of acetaminophen on the regulation of protein
kinase B (Akt/PKB). The Akt/PKB is a serine/threonine protein kinase that functions as a
critical regulator of cell survival and proliferation [107, 258]. As expected from our
caspase-3 and Bax/Bcl-2 data, we found an increased expression of phosphorylated
(activated) Akt with acetaminophen treatment (Figure 3.5). As previous studies have
shown that mTOR may function to regulate Akt activity [259, 260], we also examined if
acetaminophen ingestion was associated with alterations in the phosphorylation (Ser
2448) of mTOR. Similar to our findings for Akt, we also observed a robust increase in
the amount of phosphorylated mTOR with chronic acetaminophen ingestion (Figure 3.6).
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Why acetaminophen treatment may be associated with increases in Akt phosphorylation
is not clear as alterations in ROS have been shown to increase [261] or decrease [262,
263] Akt phosphorylation. Similarly, whether a direct linkage exists between changes in
Akt phosphorylation and the acetaminophen-associated changes in caspase-3 activation
we observe is unknown.
It has been suggested that increased phosphorylation of ERK1/2, is associated
with cell survival [245] and oxidative stress has been shown to be linked to diminished
ERK1/2 phosphorylation [244]. Similarly, other work has demonstrated that ERK1/2 can
protect against ischemia-reperfusion induced oxidative stress [264, 265] and that ERK1/2
is involved in regulating the cardioprotective effects of nitric oxide (NO) following
ischemia-reperfusion [266]. Like ERK1/2, activated (phosphorylated) GSK-3β has also
been shown to exhibit anti- apoptotic activity as it may be involved in regulating the
opening of the mitochondrial permeability transition pore [247]. Consistent with our
findings for Akt, here we demonstrate increased phosphorylation of ERK1/2 and GSK-3β
with acetaminophen treatment (Figures. 3.7, 3.9). Whether these changes in ERK1/2 and
GSK-3β are directly associated with the diminished cardiac myocyte apoptosis we
observe in the acetaminophen treated animals is currently unclear but warrants further
investigation.
In summary, we have demonstrated for the first time that chronic acetaminophen
use attenuates excess ROS and apoptotic Bax/Bcl2 signaling in aged cardiac cells,
thereby helping to prevent caspase-mediated apoptosis. These beneficial effects suggest
that chronic acetaminophen usage may protect the heart by promoting the development of
anti-oxidative capacity (Figure 3.10). Still, little is known about the mechanisms of
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cardioprotection employed by chronic acetaminophen treatment.

Increasing our

understanding of these mechanisms and how they may interact with other drugs and
disease processes could lead to new ways in improving our ability to manage heart
disease.

Table 1. Total body weight (BW), heart weight (HW) and heart weight to body weight
ratio (HW/BW %) of 6-, 33-month control and 33-month acetaminophen treated male
F344XBN rats. Results are expressed as gram (g) or HW/BW ratio (mean ± SD; n=6). (*)
indicates significant difference from adult (6-month) value (P<0.05). (†) indicates
significant difference from age matched 33-month control animals (P<0.05).
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Figures

Figure 3. 1. Effect of aging and acetaminophen treatment on indices of cellular ROS. A.
Indices of oxidative (superoxide anion [O2•–], 4-hydroxy-2-nonenal [4-HNE]) and
nitrosative (protein nitrotyrosylation) stress in 6-month control, 33-month control, and
33-month treated hearts. Bar=100µm. B. Quantification of cardiac ROS as determined by
intensity of fluorescence. Results are expressed relative to the 6-month value. (*)
indicates significant difference from adult (6-month) value (P<0.05). (†) indicates
significant difference from age matched 33-month control animals (P<0.05). n = 4 hearts
per age group.
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Figure 3. 2. Acetaminophen treatment decreases the incidence of TUNEL positive nuclei
in aged cardiac muscle. A. Double immunofluorescence labeling of dystrophin (Texas
Red), TUNEL (FITC) and nuclei (DAPI) in 6-month control, 33-month control, and 33month treated hearts. Bar = 100 μm. B. Number of TUNEL positive nuclei per mm2 in 6month control, 33-month control, and 33-month treated hearts. (*) indicates significant
difference from adult (6-month) value (P<0.05). (†) indicates significant difference from
age matched 33-month control animals (P<0.05). n = 4 hearts per age group.
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Figure 3. 3. Acetaminophen treatment alters the ratio of Bax / Bcl-2 in aged cardiac
muscle. Protein isolates of hearts from 6-month contol, 33-month control and 33-month
treated hearts were analyzed by immunoblotting to determine Bax and Bcl2 protein
levels. Ponceau S staining of the nitrocellulose membrane along with densitometric
analysis of protein present was done to verify equivalent protein loading between the
lanes. (*) indicates significant difference from adult (6-month) value (P<0.05). (†)
indicates significant difference from age matched 33-month control animals (P<0.05). n
= 6 for all groups.
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Figure 3. 4. Acetaminophen treatment decreases the age-associated activation of caspase3. Protein isolates of hearts from 6-month contol, 33-month control and 33-month treated
hearts were analyzed by immunoblotting to determine the amount of full length and
cleaved caspase-3. Ponceau S staining of the nitrocellulose membrane along with
densitometric analysis of protein present was done to verify equivalent protein loading
between the lanes (data not shown). (*) indicates significant difference from adult (6month) value (P<0.05). (†) indicates significant difference from age matched 33-month
control animals (P<0.05). n = 6 for all groups.
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Figure 3. 5. Acetaminophen treatment increases Akt phosphorylation in aged cardiac
muscle. Protein isolates of hearts from 6-month contol, 33-month control and 33-month
treated hearts were analyzed by immunoblotting to determine the amount of total and
phosphorylated Akt (Thr 308, Ser 473). Ponceau S staining of the nitrocellulose
membrane along with densitometric analysis of protein present was done to verify
equivalent protein loading between the lanes (data not shown). (*) indicates significant
difference from adult (6-month) value (P<0.05). (†) indicates significant difference from
age matched 33-month control animals (P<0.05). n = 6 for all groups.
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Figure 3. 6. Acetaminophen treatment increases mTOR phosphorylation in aged cardiac
muscle. Protein isolates of hearts from 6-month contol, 33-month control and 33-month
treated hearts were analyzed by immunoblotting to determine the amount of total and
phosphorylated mTOR (Ser 2448). Ponceau S staining of the nitrocellulose membrane
along with densitometric analysis of protein present was done to verify equivalent protein
loading between the lanes (data not shown). (*) indicates significant difference from
adult (6-month) value (P<0.05). (†) indicates significant difference from age matched 33month control animals (P<0.05). n = 6 for all groups.
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Figure 3. 7. Acetaminophen treatment increases ERK1/2 phosphorylation in aged cardiac
muscle. Protein isolates of hearts from 6-month contol, 33-month control and 33-month
treated hearts were analyzed by immunoblotting to determine the amount of total and
phosphorylated ERK1/2. Ponceau S staining of the nitrocellulose membrane along with
densitometric analysis of protein present was done to verify equivalent protein loading
between the lanes (data not shown). (*) indicates significant difference from adult (6month) value (P<0.05). (†) indicates significant difference from age matched 33-month
control animals (P<0.05). n = 6 for all groups.
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Figure 3. 8. Acetaminophen treatment increases p70S6K phosphorylation in aged cardiac
muscle. Protein isolates of hearts from 6-month contol, 33-month control and 33-month
treated hearts were analyzed by immunoblotting to determine the amount of total and
phosphorylated p70S6K (Thr421/Ser424). Ponceau S staining of the nitrocellulose
membrane along with densitometric analysis of protein present was done to verify
equivalent protein loading between the lanes (data not shown). (*) indicates significant
difference from adult (6-month) value (P<0.05). (†) indicates significant difference from
age matched 33-month control animals (P<0.05). n = 6 for all groups.
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Figure 3. 9. Acetaminophen treatment increases GSK-3β phosphorylation in aged cardiac
muscle. Protein isolates of hearts from 6-month contol, 33-month control and 33-month
treated hearts were analyzed by immunoblotting to determine the amount of total and
phosphorylated GSK-3β. Ponceau S staining of the nitrocellulose membrane along with
densitometric analysis of protein present was done to verify equivalent protein loading
between the lanes (data not shown). (†) indicates significant difference from age matched
33-month control animals (P<0.05). n = 6 for all groups.
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Figure 3. 10. Proposed scheme for the effects of chronic acetaminophen treatment in
attenuating aging-associated cardic ROS and apoptosis. Recent studies indicated that the
aging associated increases in oxidative stress play a key role in cardiomyocyte apoptosis.
Chronic acetaminophen treatment can attenuate excess ROS leading to diminished
cardiomyocyte apoptosis through changes in Bax/Bcl2 ratio, caspase activation and by
regulating Akt phosphorylation. Note: Solid red arrow indicates increase and solid blue
arrow indicates decrease.
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Abstract
Background: There is a growing need for pharmacological agents to manage
cardiovascular disease in the rapidly increasing elderly population. Acetaminophen has
been shown to exhibit cardioprotective effects following ischemia-reperfusion injury by
acting as an antioxidant. Recent data suggests that chronic acetaminophen ingestion
significantly attenuates age-associated increases in cardiac ROS and apoptosis. Methods
and results: Here, we examine the effect of chronic acetaminophen treatment on the
incidence of cardiac arrhythmias, Cx43 expression, myocardial fibrosis and miRNA
expression in the aging Fischer344XBrown Norway (F344XBN) rat hearts. Aging male
F344XBN rats (27-mo; n=6) were treated with acetaminophen (30mg/kg/day p.o.) for six
months and underwent serial electrocardiography before and after the completion of the
study. Aging was associated with a higher incidence of premature atrial and ventricular
arrhythmias, greater myocardial fibrosis and diminished localization of the gap junction
protein Cx43, all of which were diminished with chronic acetaminophen ingestion. The
expression of miR-1, miR-133, miR-214, miR-30a and miR-30d was 66-, 64-, 54-, 73and 74-% lower, respectively, in 33-month control animals compared to that of 6-month
animals (P < 0.05). Acetaminophen treatment significantly increased the expression of
miR-1 and miR-214, while the other miRNA remain unchanged. Conclusion: These
results indicate that acetaminophen may prevent the incidence of age-associated
arrhythmias and that this alteration is associated with diminished fibrosis and changes in
cardiac miRNA expression.
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Introduction
Cardiovascular disease remains the foremost cause of death and morbidity
worldwide and is especially prevalent in the elderly. Nearly half the deaths occurring
from cardiovascular causes take place suddenly due to fatal ventricular arrhythmias
[267]. Aging by itself represents a major risk factor for cardiovascular disease and is
associated with structural and functional alterations in the cardiovascular system
including increased LV wall thickness, increased LV mass, impaired LV ejection and a
higher incidence of arrhythmias [30, 32]. Echocardiographic studies have demonstrated
that aging in the Fischer 344/NNiaHSd X Brown Norway/BiNia (F344XBN) rat is
characterized by age-associated alterations in cardiac structure and function [16, 17],
while other work has demonstrated that cardiac aging in these animals is associated with
increases in the amount of cardiac reactive oxygen species (ROS) [18, 268] and myocyte
apoptosis [20]. It has also been established that myocardial aging is characterized by LV
LV fibrosis and a reduction in cardiomyocyte number, which together act to decrease
myocardial compliance and increase the risk of developing ventricular dysfunction and
arrhythmias [20, 85].
The factors that regulate age-associated cardiac remodeling have not been
elucidated. The “free radical theory of aging” proposes that aging is characterized by the
gradual accumulation of damage to biomolecules by reactive oxygen species (ROS) [31].
Why ROS levels may be altered with aging is not fully understood, but it is thought that
these changes may be due, at least in part, to altered mitochondrial electron transport
leakage [269], changes in the activity of xanthine oxidase [270], variation in the
expression of nitric oxide synthase [270], or increases in the amount of NADPH oxidases
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[271].

It has been hypothesized that elevations in tissue ROS levels with age can

influence several cellular processes including cardiac hypertrophy, the structure and
function of blood vessels, inflammation, apoptosis and alteration of the extracellular
matrix profile [61, 64]. Whether interventions aimed at decreasing age-related increases
in ROS may be beneficial for the treatment of age-associated cardiac arrhythmias or
dysfunction is not well understood [272].
The molecular mechanisms governing the cardiac remodeling are not well
understood. Recent data has suggested that miRNAs (miRNAs), small ~ 22-nucleotide
noncoding RNAs that inhibit transcription or translation by interacting with the 3′
untranslated region (3′UTR) of target mRNAs [156], may play a role in the regulation of
cardiac differentiation and disease [163]. In this context, several miRNAs, including
miR-1, 21, 29, 30, 195, 133, 206 and 208 appear to play an important role in the process
of cardiac remodeling, putatively by regulating changes in gene expression that
accompany pathological cardiac hypertrophy and contractile dysfunction [162, 164, 165,
170]. The factor(s) that regulate the expression of miRNA are not clear; however, recent
studies have suggested that alterations in cellular ROS levels may be involved [178].
Similarly, how aging may affect the expression of cardiac miRNA has not been
elucidated.
Acetaminophen is a potent antioxidant that has been used therapeutically for
several decades [22], and recently has been shown to exhibit cardioprotective properties
[21].

It is thought that acetaminophen can help protect cells and tissues from the

damaging effects of peroxynitrite, myeloperoxidase, cyclooxygenase, and other peroxides
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[21]. Recent work has also suggested that acetaminophen exhibits potent cardioprotective
activity in preventing ROS-associated cardiac damage in the rat and dog heart [197].
Whether the chronic administration of acetaminophen is effective for the treatment of
age-associated cardiac remodeling is not well understood. Using the tissues from the
same animals employed in this study we have previously reported that chronic
acetaminophen ingestion significantly attenuates age-associated increases in cardiac ROS
and apoptosis [203]. Here we extend upon these studies and examined the effect of aging
and chronic low dose acetaminophen treatment on the expression of cardiac miRNA and
the development of cardiac arrhythmias. Our data suggest that aging in F344XBN rats is
associated with increased incidence of cardiac arrhythmias, lowered expression of gap
junction protein connexin-43 (Cx43), increased myocardial fibrosis and altered regulation
of miRNA. In addition, we also demonstrate that chronic acetaminophen ingestion is
efficacious in preventing the incidence of age-associated arrhythmias and that this
alteration is associated with diminished fibrosis and changes in cardiac miRNA
expression.
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Materials and Methods
Animals
All procedures were performed in accordance with the Marshall University
Institutional Animal Care and Use Committee (IACUC) guidelines, using the criteria
outlined by the American Association of Laboratory Animal Care (AALAC). Fischer
344/NNiaHSD x Brown Norway/BiNia (F344XBN) rats aged 6 and 27 months, were
purchased from the National Institutes on Aging. Adult F344XBN rats at 27-months of
age were chosen for the study since they do not exhibit significant cardiovascular deficit
at this age and roughly coincide with humans in the 5th decade of life [15]. Rats were
housed two per cage in an AAALAC approved vivarium with a 12 hour light-dark cycle
and temperature maintained at 22 ± 2°C. Animals were fed ad libitum and allowed to
acclimate for 2 weeks before the initiation of any treatment or procedures. All animals
were examined for precipitous weight loss, failure to thrive or unexpected gait alterations
and animals with apparent abnormalities or tumors were removed from the study.

Materials
Acetaminophen tablets or pure compound used in the study was provided by
McNeil Pharmaceuticals (Fort Washington, PA). Antibodies against Cx43 and rabbit IgG
antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA). Precast
10% SDS-PAGE gels were procured from Cambrex Biosciences (Baltimore, MD, USA),
and enhanced chemiluminescence (ECL) Western blot detection reagent was acquired
from Amersham Biosciences (Piscataway, NJ, USA). Restore Western blot stripping
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buffer was obtained from Pierce (Rockford, IL, USA) and 3T3 cell lysates were from
Santa Cruz Biotechnology. All other chemicals were purchased from Sigma (St Louis,
MO, USA).

Acetaminophen treatment, electrocardiography and tissue collection
F344XBN rats (27-month; n = 6) were given acetaminophen (30 mg / kg body
weight / day) for 6 months in drinking water. Rats were treated until the age of 33months, which roughly coincides with humans in their seventh decade of life. Agematched F344×BN rats were maintained as controls. Heart rate and cardiac rhythm were
measured before the commencement of treatment and at the end of the treatment using
needle electrodes under ketamine-xylazine (4:1) cocktail (50 mg/kg, I/P) anesthesia.
Tissues were collected under anesthesia using a ketamine-xylazine cocktail (40:10
mg/kg i.p.) and supplemented as necessary for reflexive response.

After midline

laparotomy, the heart was removed and placed in Krebs-Ringer bicarbonate buffer (KRB)
containing; 118 mM NaCl, 4.7 mM KCl, 2.5 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM
MgSO4, 24.2 mM NaHCO3, and 10mM α-D-glucose, (pH 7.4) equilibrated with 5% CO2
/ 95% O2 and maintained at 37°C. Isolated hearts were quickly massaged to remove any
blood from the ventricles, cleaned of connective tissue, weighed, and immediately snap
frozen in liquid nitrogen. Liver and kidneys were excised immediately after removing
the heart and either snap-frozen under liquid nitrogen or stored in 5% buffered
formaldehyde.
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Histology
Tissue specimens were serially sectioned (6 μm) using an IEC Minotome cryostat
and collected on poly-lysine coated slides. After fixing in acetone, (-20 °C for 2 min)
sections were stained with hematoxylin and eosin and mounted. Morphometric evaluation
was performed with the use of a computerized imaging analysis system (Olympus
MicroSuite™ Basic). Masson’s trichrome staining of serially sectioned cardiac tissue was
performed according to the manufacturer’s guidelines (Poly Scientific R & D Corp., Bay
Shore, NY).
Immunohistochemistry
Immunostaining for Cx43 was visualized by immunofluorescence as outlined by
the antibody manufacturer. Briefly, sections were washed three times with phosphatebuffered saline (PBS) containing 0.5% Tween-20 (PBS-T), pH 7.5. After incubation for
30 min in a blocking solution (3% BSA), sections were incubated with specific antisera
diluted in PSB-T (antibody dilution of 1:100) for 1 h at 24°C in a humidified chamber.
After washing three times with PBS, sections were incubated with FITC anti-rabbit IgG
(1:200) for 30 min at 24°C in a humidified chamber. DAPI was also included in the
secondary antibody solution at a concentration of 1.5 μg/ml in order to visualize cell
nuclei. After a final PBS wash and mounting, specimens were visualized by
epifluorescence using an Olympus fluorescence microscope (Melville, NY, USA) fitted
with a 40x objective. Images were recorded digitally using a CCD camera and analyzed
using Olympus MicroSuite™ Basic from Olympus America (Melville, NY, USA).
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Immunoblot analysis
Tissues were pulverized in liquid nitrogen using a mortar and pestle until a fine
powder was obtained and washed three times with ice-cold PBS as described previously
[273]. Samples were then suspended on ice in 100 μl of TPER (2 ml/g tissue weight;
Pierce, Rockford, IL, USA) containing protease (P8340, Sigma-Aldrich, Inc., St. Louis,
MO, USA) and phosphatase inhibitors (P5726, Sigma-Aldrich, Inc., St. Louis, MO,
USA). After lysis, homogenates were centrifuged 10 min at 13,000 x g and the
supernatant collected. Protein concentrations of homogenates were determined in
triplicate via the Bradford method (Pierce) using bovine serum albumin as a standard.
Samples were diluted to a concentration of 2.5 mg/ml in SDS-loading buffer and boiled
for 5 min. Aliquots (50 μg of total protein for each sample) were separated on a 10%
SDS-PAGE gel. Transfer of protein onto nitrocellulose membranes was performed using
standard conditions. Membranes were stained with Ponceau S and the amount of protein
quantified by densitometric analysis to confirm successful transfer of proteins and equal
loading of lanes [20, 203]. Semiquantitiative immunodetection of specific proteins was
performed using densitometry. Immunoblots were stripped with Restore Western blot
stripping buffer as described by the manufacturer to obtain direct comparisons between
expression and phosphorylation levels of different signaling molecules. After verifying
the absence of residual HRP activity by treating the membrane with the ECL reagent,
membranes were washed and reprobed. Randomization of antibody incubation was
utilized to minimize potential experimental error associated with membrane stripping.
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miRNA analysis
Total RNA was harvested from cardiac tissues using TRIzol Reagent,
(Invitrogen). Total RNA was solubilized in RNase-free H2O and quantified in duplicate
by measuring the optical density (OD) at 260 nm. Purity of RNA was assured by
obtaining an OD260/OD280 ratio of ∼2.0. Two micrograms of RNA were reverse
transcribed (RT) using the QuantiMiR RT kit (System Bioscience) according to standard
methods (Systems Bioscience). Control RT reactions were done in which the RT enzyme
was omitted. The control RT reactions were PCR amplified to ensure that DNA did not
contaminate the RNA. Cyber green-based real-time qPCR was performed by using a
7500 Real-Time PCR system (Applied Biosystems, Foster City, CA) and gene-specific
primers for the miRNA of interest designed according to the guidelines outlined in the
QuantiMiR RT kit (System Bioscience). Melt analysis was used after each PCR run to
ensure amplification of only a single product. All samples were normalized to an internal
control housekeeping gene (U1 small nuclear RNA (snRNA)) [274]. Relative fold
changes in miRNA within each group and basal differences between groups were
determined from the Ct values after normalization to their respective housekeeping genes
using the 2-∆ct method [275].
Data Analysis
Results are presented as mean ± SEM.

Data were analyzed by using the

SigmaStat 3.5 statistical program. A one-way analysis of variance was performed for
overall comparisons while the Student-Newman-Keuls post hoc test was used to
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determine differences between groups. The level of significance accepted a priori was ≤
0.05.

Results
As reported previously [203], compared to 6-month animals, body weight was
significantly higher with age (6 C: 406 ± 15 vs. 33 C : 504 ± 23* vs. 33 T : 506 ± 13*;
(n=6; P < 0.05)). Chronic acetaminophen ingestion attenuated age-associated increases in
heart weight (6 C: 1.05 ± 0.04 vs. 33 C: 1.85 ± 0.06* vs. 33 T: 1.65 ± 0.05*†; (n=6; P <
0.05)) and heart / body weight ratio (6 C: 0.259 ± 0.01 vs. 33 C: 0.370 ± 0.02* vs. 33 T:
0.327 ± 0.01†; (n=6; P < 0.05)).

Aging is associated with increased incidence of cardiac arrhythmias
Confirming our previous observations [17], serial electrocardiography showed
evidence of increased incidence of arrhythmias with age (Figure 4.1). Chronic
acetaminophen treatment led to a marked decrease in the incidence of premature atrial
(PAC) and ventricular (PVC) contractions (Figures 4.1A, 4.1B).

Aging is associated with greater myocardial fibrosis
It is thought that the intrinsic properties of the myocardium change during aging
due to connective tissue alterations [276]. In agreement with this possibility, we found
increased perivascular fibrosis as well as subcellular alterations of the cardiomyocytes
and their junctions in the left ventricles of the aged control animals suggesting a
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deterioration of heart function. Similarly, qualitative histological analysis on heart
sections of 33-month acetaminophen treated rats revealed the presence of fibrosis with
the incidence of these findings appearing to be less than that observed in the untreated
control animals (Figure 4.2).

Aging is associated with diminished connexin-43 levels
Compared to 6-month animals, Cx43 expression in the 33-month control animals
was 25% lower (P < 0.05) (Figure 4.3A). Acetaminophen treatment for 6-months
significantly increased Cx43 levels by 8% (P < 0.05) (Figure 4.3A). These results were
corroborated by immunohistochemical analysis of these hearts. Consistent with previous
findings [277], gap junctional Cx43 immunoreactivity was primarily observed at the
intercalated discs (Figure 4.3B). When compared to hearts obtained from 6-month rats,
Cx43 immunoreactivity at the intercalated disc regions of the membrane was markedly
lower in 33-mo control rat hearts, and cytosolic Cx43 immunoreactivity appeared to be
clustered inside the fibers of old hearts (Figure 4.3B).

Aging is associated with alterations in cardiac miRNA expression
In order to evaluate whether miRNAs play a significant role in the aging process,
a highly sensitive, semi-quantitative RT-PCR method was employed to analyze the
expression of miRNA thought to be involved in cardiac remodeling. Compared to 6month animals, the amount of miR-1, miR-133, miR-214, miR-30a and miR-30d was 66, 64-, 54-, 73- and 74-% lower, respectively in 33-month control animals (Figures 4.4103

4.6). The amount of miR-206, miR-21, miR-24, miR-195 and miR-29a was not altered
with aging (data not shown).

Acetaminophen treatment is associated with alterations in miRNA expression
Compared to 33-month control animals, acetaminophen treatment increased the
expression of miR-1 and miR-214 expression levels by 29-, and 53 %, respectively, (P <
0.05) (Figures 4.4 and 4.6). The amount of miR-133, miR-30a and miR-30d did not
change with treatment.
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Discussion
Multiple experimental models have been used to assess the effects of aging on
ROS and CVD, including dogs, the Fisher 344 (F344) and Fischer 344/NNiaHSd X
Brown Norway/BiNia (F344XBN) aging rat models, and other species [278]. A recent
review of aging rat models concluded that the F344XBN rat strain seems to exhibit
“physiological aging” to a greater degree than others [13]. Indeed, previous studies have
demonstrated that aging in the F344XBN rats is characterized by higher cardiac ROS [18,
203] and apoptosis [20]. Other data have suggested that acetaminophen may function as a
potent antioxidant [27, 29]. Given the possible linkage between higher cardiac ROS and
cardiac dysfunction, we postulated that the chronic ingestion of acetaminophen would
attenuate detrimental changes in the aging F344XBN heart. The main findings of this
study were that chronic acetaminophen ingestion is capable of decreasing age-associated
increases in cardiac arrhythmias and that aging in the F344XBN heart is associated with
changes in miRNA expression.

Aging in the F344XBN heart is associated with greater incidence of cardiac
arrhythmias
Nearly half the deaths occurring from cardiovascular causes take place suddenly
due to fatal ventricular arrhythmias [267]. Similar to previous studies, we observed an
age-associated increase in the incidence of ventricular arrhythmias in the F344XBN rat
[16-18]. Of interest is our finding that 6-months of acetaminophen treatment appeared to
decrease the incidence of PAC and PVC (Figure 4.1). Recent data has implicated a link
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between the loss of the gap junction protein connexin-43 (Cx43) and fatal arrhythmias.
For example, using a heart-specific Cx43 conditional knockout mouse model in which
cardiac Cx43 abundance decreases rapidly within the first few weeks of age, Danik and
colleagues demonstrated a decrease in cardiac conduction velocity and a dramatic
increase in susceptibility to inducible lethal ventricular tachyarrhythmias [279]. To
ascertain if alterations in Cx43 levels exist in the aging F344XBN heart we examined the
regulation of Cx43 using immunoblot analysis. Consistent with our electrocardiography
data, we observed that the expression of Cx43 is significantly lowered with aging and
importantly, that acetaminophen treatment is associated with increased protein levels of
Cx43 (Figure 4.3A). Immunohistochemical analysis revealed that the distribution of
Cx43 appears to be morphologically well preserved at the intercalated discs in the young
6-month animals. With increasing age, the amount of Cx43 immunoreactivity appeared to
decrease markedly at the intercalated disc regions of the 33-month control rat hearts
(Figure 4.3B).
Although these results, taken together, suggest that chronic acetaminophen
ingestion may be able to influence the expression of Cx43 it is unlikely that the
magnitude of the differences we see in the regulation of Cx43 can, by itself, explain the
decrease in age-associated arrhythmias we observed in the acetaminophen treated
animals. Indeed, previous data has suggested that Cx43 protein losses of up to ~40% are
insufficient by themselves to induce cardiac arrhythmias [279]. How acetaminophen may
decrease cardiac arrhythmias in the aging F344XBN heart is presently unclear. Given the
putative link between cardiac ROS levels and arrhythmias [248], it is likely that the anti106

arrhythmic effects of acetaminophen are related to its ability to act as an anti-oxidant [27,
29]. Using the same heart tissues from the present study, we have previously reported that
chronic acetaminophen ingestion significantly diminished age-associated increases in
cardiac ROS and apoptosis in the F344XBN rats [203]. Whether the changes we see in
Cx43 expression with acetaminophen treatment are directly linked to acetaminophenassociated changes in cardiac ROS levels is unclear and beyond the scope of this study.
Nonetheless, these data are consistent with the notion that acetaminophen is capable of
increasing Cx43 expression and that long term acetaminophen ingestion may be
beneficial in reducing the incidence of age-related arrhythmias.
Using the F344XBN aging rat model, we have previously reported that aging is
associated with higher nitrosative and oxidative stress [18] ultimately leading to greater
cardiomyocyte apoptosis [20]. Other studies have also shown that myocardial aging is
characterized by LV fibrosis that has been linked to a progressive reduction in
cardiomyocyte number, increases in cardiac fibroblast (CF) proliferation, and the
deposition of collagen in the LV [85, 280]. Excessive fibrosis can cause decreases in
myocardial compliance and may be linked to the development of ventricular dysfunction
and arrhythmias [139]. Likewise, our findings also show significantly higher fibrosis in
33-month control animals compared to 6-month animals (Figure 4.2). Interestingly, six
months of chronic acetaminophen ingestion significantly diminished myocardial fibrosis
compared to that observed in age-matched control animals (Figure 4.2). These results are
in agreement with our previous report suggesting that chronic acetaminophen treatment
significantly diminishes age-related cardiomyocyte apoptosis in male F344XBN rats
[203]. Whether the decrease in cardiac fibrosis we see in acetaminophen treated aged rats
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is linked to decreases in the amount of cardiomyocyte apoptosis or due to alterations in
signaling pathways that control cardiac fibrosis warrants further investigation. Similarly,
whether the decrease in cardiac fibrosis we observed with acetaminophen treatment is
directly responsible for the diminished cardiac arrhythmias we observe in the treated rats
is currently not clear.

Aging in the F344XBN heart is associated with diminished miR-1, miR-133, miR214, miR-30a and miR-30d expression
Previous work by our laboratory and others have demonstrated that aging in the
male F344XBN is associated with increases in heart mass, LV hypertrophy, increased
incidence of cardiac arrhythmias, decreased ventricular compliance and impairment in
systolic and diastolic function [16, 17] as well as increased expression of oxidativenitrosative stress [18] and cardiomyocyte apoptosis [20]. Using semi-quantitative real
time RT-PCR we demonstrate a lower amount of miR-1, miR-133, miR-214, miR-30a
and miR-30d with aging (Figures 4.4-4.6).

The physiological significance of these

findings awaits further experimentation. Previous data has suggested that miR-1 and
miR-133 expression is upregulated, downregulated, and unchanged during cardiac
remodeling [164-166]. Why aging may decrease the expression of miR-1, miR-133,
miR-214, miR-30a and miR-30d levels is not fully understood. The reasons for divergent
results is unknown but may be related to differences in disease models, extent of disease,
or the myocardial regions sampled.
Recent reports have implicated miR-1 as participating in the etiology of
ventricular arrhythmias as it is thought that this miRNA post-transcriptionally represses
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the expression of Cx43 [166]. Interestingly, the increase in arrhythmias we observe with
aging were associated with decreases in Cx43 (Figure 4.3), and decreases in miR-1
expression (Figure 4.4). This result is in opposition to the previous findings suggesting
that decreases in miR-1 expression will lead to increase in Cx43 expression. Indeed, the
role that miR-1 plays in regulating Cx43 in the aging heart is still unclear as treatment
associated increases in miR-1 expression (Figure 4.4) would lead one to predict that Cx43
levels would be decreased. Clearly this postulate was opposite to what we found as
acetaminophen treatment led to slight yet significant increases in Cx43 expression. In
addition to its role in regulating Cx43, it is also possible that miR-1 acts as an inhibitor of
cardiac hypertrophy. For example, the expression of miR-1 in culture inhibits seruminduced hypertrophy and is associated with inhibited RasGAP, Cdk9 and fibronectin
expression [281]. Recent data has also shown that cardiac-specific over expression of
miR-1 in the embryonic heart inhibits cardiomyocyte proliferation and prevents
expansion of the ventricular myocardium [168]. As such, it is possible that the decrease
in miR-1 we see with aging and increase in the aged acetaminophen treated animals may
indicate a role for miR-1 to limit cardiac remodeling. The mechanism(s) underlying these
alterations is currently unclear but may be related to the antioxidant properties of
acetaminophen. Indeed, recent experiments have shown that the expression of several
miRNA species can be modulated by changes in cellular ROS [282]. For example, the
expression of miR-21 is increased following the exposure of cultured myocytes to
increased hydrogen peroxide while miR23b is down regulated in vascular smooth muscle
cells after exposure to hydrogen peroxide [283]. Further experiments perhaps using other
methods, pharmacological treatments or time points of observation will no doubt be
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useful in increasing our understanding of how ROS levels may influence miRNA
expression.
Similar to many micro-RNAs, the role of miR-133 in cardiac remodeling has yet
to be established. Recent work has demonstrated that increased miR-133 results in the
suppression of protein synthesis and inhibition of hypertrophic growth in cultured
neonatal cardiac myocytes [164]. In this same study the authors also showed that
antisense RNA oligonucleotides targeting miR-133 resulted in cardiac hypertrophy and
reinduction of the fetal gene program [164]. Other studies have suggested that miR-133
may act as antiapoptotic factor by repressing the translation of caspase-9 [172]. Given
these postulates it is possible that the age-associated decrease in miR-133 we observe
may play a role in the ventricular hypertrophy seen in these animals with advanced age.
Alternatively, miR-133 has also been implicated in the pathogenesis of cardiac
arrhythmias as it has been shown that this molecule can regulate the ether-a-go-go related
gene (ERG), which encodes a key portion of the cardiac potassium channel [284].
Whether the changes in miR-133 we observe are related to factors controlling cardiac
hypertrophy or cardiac rhythm will require further investigation.
In addition to miR-1 and miR-133, recent studies have also implicated a role for
miR-30 in cardiac remodeling. Liu et al. showed that miR-133 knockout mice develop
severe fibrosis and heart failure [285]. Recently, Duisters et al. investigated the
regulation of connective tissue growth factor (CTGF), and showed that the expression of
miR-133 and miR-30 was inversely related to the amount of CTGF in rodent models of
heart disease and in human patients with pathological LV hypertrophy [176]. Similar to
their findings, the age-related increase in fibrosis we observe in F344XBN rat hearts are
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associated with diminished expression of miR-133, miR-30a and miR-30d (Figures 4.4,
4.5). Conversely, the diminished myocardial fibrosis we see in acetaminophen treated
aged rats was not associated with any alterations in the expression of miR-133, miR-30a
and miR-30d.
The role of miR-214 in cardiac remodeling has not been elucidated. Recent study
suggests that miR-214 is upregulated during pathological hypertrophy; however,
transgenic mice over-expressing miR-214 exhibited no cardiac abnormalities [162]. Our
results indicate that miR-214 expression significantly decreases with age in aged control
rats and that the expression of this molecule remains unchanged with acetaminophen
ingestion (Figure 4.6). Understanding why the expression of miR-214 is altered
differently in aged hypertrophied hearts compared to other models of pathological
hypertrophy remains unclear and will require further investigation.
In conclusion, the results of this study show that chronic acetaminophen treatment
decreases the incidence of age-associated arrhythmias and that this alteration is
associated with increased Cx43, diminished myocardial fibrosis and alterations in cardiac
miRNA expression. Given that acetaminophen is well tolerated in humans and approved
by the FDA for over the counter sale, the possibility exists that this widely available drug
may be an attractive therapeutic option in the war against heart disease. Further
experiments using different animals and methods may be warranted to expand upon these
observations.
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Figures

Figure 4. 1. Chronic acetaminophen treatment decreases incidence of cardiac
arrhythmias. (A) Percentage incidence of premature atrial (PAC) and ventricular (PVC)
contractions observed in the 33-mo control and 33-mo APAP-treated rats (n=6). (B)
Representative echocardiographs (Lead II) recorded from 6-mo control, 33-mo control
and 33-mo APAP-treated rats (n=6).
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Figure 4. 2. Chronic acetaminophen attenuates myocardial fibrosis in aged rat hearts.
Representative ventricular myocardium sections from 6-mo control, 33-mo control and
33-mo treated rats treated with Masson’s Trichrome stain (A) and Hematoxylin & Eosin
stain (B) (n=4).
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Figure 4. 3. Chronic acetaminophen preserves myocardial membrane Cx43. (A) Protein
isolates of hearts from 6-month control, 33-month control and 33-month treated hearts
were analyzed by immunoblotting to determine Cx43 protein levels. Ponceau S staining
of the nitrocellulose membrane along with densitometric analysis of protein present was
done to verify equivalent protein loading between the lanes. *Significant difference from
adult (6-month) value (P < 0.05). †Significant difference from age matched 33-month
control animals (P < 0.05). n = 6 for all groups (B) Representative immunohistochemical
images of hearts sections obtained from 6-mo control, 33-mo control and 33-mo APAPtreated rat hearts using an antibody against Cx43.n=4 hearts per age group
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Figure 4. 4. Aging decreases myocardial miR-1 and miR-133 expression. Quantitative
RT-PCR analyses of miRNA expression in 6-mo control, 33-mo control and 33-mo
treated rat hearts using SYBR green I. Relative expression of miR-1 (A) and miR-133 (B)
between groups was calculated after normalization to U1 miR expression in the same
samples. * Significantly different from 6-mo Control. † Significantly different from 33mo control. For all comparisons, P < 0.05; n = 4
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Figure 4. 5. Aging decreases myocardial miR-30a and miR-30d expression. Quantitative
RT-PCR analyses of miRNA expression in 6-mo control, 33-mo control and 33-mo
treated rat hearts using SYBR green I. Relative expression of miR-30a (A) and miR-30d
(B) between groups was calculated after normalization to U1 miR expression in the same
samples. * Significantly different from 6-mo Control. † Significantly different from 33mo control. For all comparisons, P < 0.05; n = 4
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Figure 4. 6. Chronic acetaminophen treatment alters myocardial miR-214 expression.
Quantitative RT-PCR analyses of miRNA expression in 6-mo control, 33-mo control and
33-mo treated rat hearts using SYBR green I. Relative expression of miR-214 between
groups was calculated after normalization to U1 miR expression in the same samples. *
Significantly different from 6-mo Control. † Significantly different from 33-mo control.
For all comparisons, P < 0.05; n = 4
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CHAPTER IV
GENERAL DISCUSSION
The primary purpose of this study was to investigate the molecular mechanisms
underlying age-associated alterations in the structure and function of the aging F344XBN
rat heart. In addition, we also examined the efficacy of chronic acetaminophen ingestion
to prevent or reverse age-associated cardiac dysfunction. To accomplish these goals, we
determined the effects of aging and acetaminophen ingestion on heart size, mass,
myocyte cross sectional area, myocyte histology, indices of oxidative stress, the
incidence of cardiac apoptosis, protein expression and cardiac structure and function.
The aged (65+ years of age) now comprise the most rapidly growing segment of
the United States population and mounting evidence suggests that advancing age is
associated with increased risk of cardiovascular disease and a progressive decline in
cardiac function [3, 30]. It is well established that aging is associated with myocardial
structural changes including loss of myocytes, hypertrophy of the remaining
cardiomyocytes with progressive increase in myocyte cell volume per nucleus, reduction
in the number of conduction cells and wall thickening [1]. The exact molecular
mechanisms underlying the structural and functional alterations that lead to increased
susceptibility of the aging heart to fatal arrhythmias are not well understood. Age-related
alterations in cardiac structure and function have been mostly studied in human hearts at
the time of transplantation, while animal models have been found to be extremely useful
for the assessment of pathological processes and the development of new treatments [13].
A recent review of aging rat models concluded that the F344XBN rat strain seems to live
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longer while also exhibiting “physiological aging” to a greater degree than other rat
models [13-15].
Age-related alterations in cardiac structure and function of F344XBN rats
Recent investigations using the Fischer F344XBN rat model have demonstrated
that aging in these animals is associated with an increased incidence of cardiac
arrhythmias as well as impairment of systolic and diastolic function [16, 17]. Hacker et
al. performed echocardiographic and hemodynamic analyses in male F344XBN rats from
adulthood to the very aged (n = 6 per 12-, 18-, 21-, 24-, 27-, 30-, 33-, 36-, and 39-mo-old
group) and revealed that aged rats had an increased LV mass-to-body weight ratio,
deterioration of systolic function, gradual increase in fibrosis and a decrease in
cardiomyocyte volume density [16]. In an another study, Walker et al. performed twodimensional ECHO measurements on male F344/BN rats aged 6-, 30-, and 36-month
and demonstrated that aging was associated with cardiac arrhythmias in 72% of 36month rats, 10% of 30-month rats and 0% in 6-month rats [17]. Previous work by our
laboratory has shown that aging in the F344XBN heart is characterized by increased
oxidative-nitrosative stress and that these findings were highly correlated with increases
in LV wall thickness [18]. Furthermore, this study has also demonstrated that age-related
increases in cardiac oxidative-nitrosative stress were significantly correlated with
changes in the expression and/or regulation of proteins involved in transcriptional (NFκB) activities, signaling (MAPKs along with Src), apoptotic (Bcl-2, Traf-2), and cellular
stress (HSPs) [18]. Other work has shown that aging in the F344XBN heart is associated
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with increases in cardiac apoptosis and that this increase in cell death may be due, at least
in part, to elevations in cardiac ROS [20].
Findings from the present investigation appear to confirm that aging in F344XBN
rat heart is associated with increases in cardiac ROS, apoptosis and fibrosis ultimately
leading to an increased incidence of arrhythmias. In addition, our findings from this study
also demonstrate that aging in F344XBN rats is associated with significant increase in
heart size, heart weight, heart weight to body weight ratio, and cardiomyocyte fiber cross
sectional area. Specifically, we observed that heart size and body weight gradually
increased with age but that the heart to body weight ratio remain unchanged up to 30
months before increasing significantly at 36-months of age. In a similar fashion, the
cardiomyocyte fiber cross sectional areas tended to increase rapidly from 30 – 36 months
before reaching a level at 36 months that was nearly three times larger than that observed
in the 6-month adult animals. Furthermore, we also report that very aged hearts exhibit
the activation of multiple signaling mechanisms during the hypertrophic response. Our
findings suggest that age-related cardiac hypertrophy in F344XBN rats is predominantly
mediated via activation of the ERK1/2 and Akt signaling pathways. We observed
increased phosphorylation (activation) of ERK1/2, Akt at Ser 473 and Thr 308 in both the
33- and 36-month rat hearts. This activation of Akt was confirmed when we examined
the phosphorylation of Akt substrate, GSK3β. Likewise, PTEN, a negative modulator of
PI3K/Akt/mTOR pathway [225] that is inactivated upon phosphorylation, was found to
be significantly higher in the very aged 33- and 36-month animals. Like Akt, a growing
body of evidence suggests that mTOR may play a key role in regulating cell growth and
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protein synthesis [129, 226]. Our findings also demonstrate a large increase in the amount
of mTOR phosphorylation in the very aged 36-month animals. It is thought that mTOR
may be involved in controlling a number of downstream signaling proteins that regulate
mRNA translation [133] such as the translational repressor proteins 4E-binding protein-1
(4E-BP1) and the ribosomal protein S6 kinase (rp6k) [123]. Consistent with our findings
of an increased mTOR phosphorylation, we observed that the phosphorylation of 4EBP1
and rpS6 was increased significantly in the very aged 36-month animals. Taken together,
our current and previous findings [17, 18, 20, 203] suggest that aging in the F344XBN rat
heart is associated with diminished cardiac function, elevations in oxidative stress,
increased cardiomyocyte apoptosis and cardiomyocyte hypertrophy with the latter
occurring probably as a result of increased activation of the ERK1/2 and Akt signaling
pathways.
Cardioprotective properties of acetaminophen in aged F344XBN rats
Acetaminophen exhibits antipyretic and analgesic activities and has been widely
used over the past several decades. Being a phenolic compound, acetaminophen has an
inherent ability to scavenge free radicals. A recent study has suggested that this
compound may be an effective antioxidant given its ability to protect against membrane
lipid oxidation through the scavenging of peroxyl radicals and peroxynitrite [192].
Merrill et al. have shown that acetaminophen protects the isolated guinea pig hearts from
the damaging effects of myocardial ischemia and reperfusion, that it preserves
myofibrillar ultrastructure, and is associated with the attenuated production of both
hydroxyl radicals and peroxynitrite [29]. In an another study, Merrill et al. investigated
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the effect of acetaminophen on pentobarbital pretreated isolated guinea pig hearts that
underwent ischemia-reperfusion and reported that

acetaminophen (0.35mmol/l)

significantly reduced the frequency of pentobarbital induced arrhythmias [27].
Collectively these findings suggest that under selective conditions (e.g., those causing
release of free radicals and other oxidants) acetaminophen can act as an antioxidant and
that this agent is able to prevent ventricular arrhythmias [27, 29]. Chronically
administered acetaminophen has also been shown to provide cardioprotection to the
postischemic, reperfused rodent myocardium [28]. Here for the first time, we have
investigated the efficacy of chronic acetaminophen ingestion to prevent or reverse the
oxidative-nitrosative stress mediated alterations in cardiac structure and function in aged
F344XBN rats.
Our findings suggest that acetaminophen is able to diminish age-related increases
in cardiac reactive oxygen species (ROS) and apoptosis in these animals. Compared to 6month control animals, indices of oxidative (superoxide anion [O2•–] and 4-hydroxy-2nonenal [4-HNE]) and nitrosative (protein nitrotyrosylation) stress were markedly
increased in 33-month old rat hearts. Long term treatment with acetaminophen
(30mg/kg/day p.o. for six months) exhibited diminished age-related increases in cardiac
ROS levels and TUNEL positive nuclei, and these changes were accompanied by
improvements in the Bax/Bcl2 ratio, diminished evidence of caspase-3 activation and
increased phosphorylation of protein kinase B (Akt), ERK1/2, p70S6K and GSK-3β.
How acetaminophen might decrease cardiac ROS is not well understood at this time and
warrants further investigation. Previous reports suggest that acetaminophen may act as an
antioxidant as it is a mono-phenol [23]. Improving our understanding of these
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mechanisms and how they may interact with other drugs and disease processes could lead
to new ways in improving our ability to manage heart disease.
In addition, we have also examined the efficacy of chronic acetaminophen
treatment on the incidence of cardiac arrhythmias, Cx43 expression, myocardial fibrosis
and miRNA expression in the aging F344XBN rats. In agreement with our previous
findings [17], serial electrocardiography showed evidence of increased incidence of
arrhythmias with age. Importantly, chronic acetaminophen treatment led to a marked
decrease in the incidence of premature atrial (PAC) and ventricular (PVC) contractions.
Recent data has implicated a link between the loss of the gap junction protein Cx43 and
fatal arrhythmias. For example, using a heart-specific Cx43 conditional knockout mouse
model in which cardiac Cx43 abundance decreases rapidly within the first few weeks of
age, Danik and colleagues have demonstrated a decrease in cardiac conduction velocity
and a dramatic increase in susceptibility to inducible lethal ventricular tachyarrhythmias
[279]. Here, we observed that the expression of Cx43 is significantly lowered with aging
and importantly that acetaminophen treatment is associated with increased protein levels
of Cx43. Although these findings, taken together, suggest that chronic acetaminophen
ingestion may be able to influence the expression of Cx43, it is unlikely that the
magnitude of the differences we see in the regulation of Cx43 can, by itself, explain the
decrease in age-associated arrhythmias we observed in the acetaminophen treated
animals. Indeed, previous data have suggested that Cx43 protein losses of up to ~40% are
insufficient by themselves to induce cardiac arrhythmias [279]. How acetaminophen may
decrease cardiac arrhythmias in the aging F344XBN heart is presently unclear. Given the
putative link between cardiac ROS levels and arrhythmias [248], it is likely that the anti124

arrhythmic effects of acetaminophen are related to its ability to act as an anti-oxidant [27,
29]. Whether the changes we see in Cx43 expression with acetaminophen treatment are
directly linked to acetaminophen-associated changes in cardiac ROS levels is unclear and
beyond the scope of this study.
Previous studies have demonstrated that myocardial aging is characterized by LV
LV fibrosis that has been linked to a progressive reduction in cardiomyocyte number,
increases in cardiac fibroblast (CF) proliferation, and the deposition of collagen in the LV
[85, 280]. Excessive fibrosis can cause decreases in myocardial compliance and may be
linked to the development of ventricular dysfunction and arrhythmias [139]. Here, we
also observe significantly higher fibrosis in aged F344XBN rat hearts and, interestingly,
that six months of chronic acetaminophen ingestion significantly diminished myocardial
fibrosis, compared to that observed in age-matched control animals. These results are in
agreement with our previous findings suggesting that chronic acetaminophen treatment
significantly diminishes age-related cardiomyocyte apoptosis in male F344XBN rats.
Whether the decrease in cardiac fibrosis we see in acetaminophen treated aged rats is
linked to decreases in the amount of cardiomyocyte apoptosis or due to alterations in
signaling pathways that control cardiac fibrosis warrants further investigation. Similarly,
whether the decrease in cardiac fibrosis we observed with acetaminophen treatment is
directly responsible for the diminished cardiac arrhythmias we observe in the treated rats
is currently not clear. In summary, our findings suggest that chronic acetaminophen
treatment in F344XBN rats decreases age-related increases in cardiac ROS, the incidence
of age-associated arrhythmias, increased Cx43 protein expression, and diminished
evidence of myocardial fibrosis.
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Regulation of miRNA with aging and acetaminophen treatment in F344XBN rats
MiRNAs (miRNAs) are small ~ 22-nucleotide noncoding RNAs that inhibit
transcription or translation by interacting with the 3′ untranslated region (3′UTR) of
target mRNAs [156]. Recent data has suggested that miRNA may play a role in the
regulation of cardiac differentiation and disease [163]. In this context, several miRNAs
including miR-1, 21, 29, 30, 195, 133, 206 and 208 have been described as playing an
important role in the process of cardiac remodeling, possibly by regulating changes in
gene expression that accompany pathological cardiac hypertrophy and contractile
dysfunction [162, 164, 165, 170]. The factors that regulate the expression of miRNA are
not clear although recent studies have suggested that alterations in cellular ROS levels
may be involved [178]. Similarly, how aging may affect the expression of cardiac
miRNA and the effect of chronic use of antioxidants have not been elucidated. Here, for
the first time, we have investigated the regulation of miRNA and the alterations with
chronic acetaminophen ingestion in aged F344XBN rat hearts. Our findings suggest that
aging in F344XBN rat hearts is associated with a lower amount of miR-1, miR-133, miR214, miR-30a and miR-30d. Acetaminophen treatment increased the expression of miR-1
and miR-214, while the amount of miR-133, miR-30a and miR-30d remain unchanged.
The physiological significance of these findings awaits further experimentation. Previous
data have suggested that miR-1 and miR-133 expression is upregulated, downregulated,
and unchanged during cardiac remodeling [164-166]. Why aging may decrease the
expression of miR-1, miR-133, miR-214, miR-30a and miR-30d levels is not fully
understood. The reasons for divergent results is unknown but may be related to
differences in disease models, extent of disease, or the myocardial regions sampled.
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SUMMARY
1. Aging in F344XBN rats is associated with significant increases in heart size, heart
weight, heart weight to body weight ratio and cardiomyocyte fiber cross sectional
area.
2. Aging associated cardiac hypertrophy in F344XBN rats is predominantly regulated
via activation of the ERK1/2 and Akt signaling pathways.
3. Age-related cardiac hypertrophy in F344XBN rats is associated with increased
protein translational signaling.
4. Chronic acetaminophen ingestion diminished age-associated increases in indices of
oxidative (superoxide anion [O2•–] and 4-hydroxy-2-nonenal [4-HNE]) and
nitrosative (protein nitrotyrosylation) stress in F344XBN rat hearts.
5. Acetaminophen treated animals exhibited diminished age-related increases in cardiac
TUNEL positive nuclei, improvements in the Bax/Bcl2 ratio, and diminished
evidence of caspase-3 activation.
6. Acetaminophen increased phosphorylation of Akt, ERK1/2 and GSK-3β which play a
key role in cell survival signaling.
7. Aging in F344XBN rats is associated with increased incidence of cardiac
arrhythmias, lowered expression of gap junction protein connexin-43 (Cx43),
increased myocardial fibrosis and altered regulation of miRNA.
8. Chronic acetaminophen ingestion is efficacious in preventing the incidence of ageassociated arrhythmias and this alteration is associated with diminished fibrosis and
changes in cardiac miRNA expression.
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FUTURE DIRECTIONS
The present study focused on investigating the molecular mechanisms underlying
age-related cardiac remodeling in F344XBN rats, with special emphasis on the efficacy
of chronic acetaminophen ingestion as a therapeutic approach. Future studies will be
planned to further extend on the findings of the current study with respect to the
corresponding specific aims as detailed below.
Specific Aim I:
Findings from the present study suggest that aging in male F344XBN rat heart is
associated with increased activation of ERK1/2 and Akt signaling pathways resulting in
increased protein synthesis ultimately leading to cardiac hypertrophy. Future studies will
treat the aged male F344XBN rats with antihypertrophic drugs to test whether a reduction
in cardiac hypertrophy is accompanied by the reduction in the activation of ERK1/2 and
Akt. Results from such studies will no doubt further the molecular signaling profile
underlying age-related cardiac hypertrophy. Whether aging in female F344XBN rat
hearts is associated with similar cardiac remodelling or not remain unexplored. Studies
using young, adult and aged ovariectomized or non-ovariectomized female F344XBN
rats will help to better understand the influence of age and gender on cardiac structure
and function in older age.
Specific Aims II and III
Findings from the present study suggest that chronic acetaminophen ingestion is
able to diminish age-related increases in cardiac oxidative-nitrosative stress, cardiac
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apoptosis, myocardial fibrosis and the incidence of arrhythmias in male F344XBN rats.
Still, little is known about the mechanisms of cardioprotection employed by chronic
acetaminophen treatment. Previous reports suggest that acetaminophen may act as an
antioxidant as it is a mono-phenol [23]. Future studies will be directed at investigating the
effect of chronic acetaminophen treatment on the expression and activity of antioxidant
enzyme systems in aged male F344XBN rat hearts. Findings from such studies will
provide additional mechanistic data to delineate whether the cardioprotective properties
of acetaminophen are through free radical scavenging or by enhancement of inherent
antioxidant enzymes systems. Moreover, as the majority of studies examining the
cardioprotective properties of acetaminophen were conducted in male rats, the effect of
gender on such cardioprotection conferred by acetaminophen remain largely unknown.
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Learned to analyze laboratory test results, interpret radiographic and
Ultrasound findings. Ability to operate both X-ray and Ultrasound
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 DNA and Protein gel electrophoresis
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Small animal surgery
Handling of Laboratory animals
Cardiac Ischemia-Reperfusion Experiments in Rats and Mice
ELISA

COMPUTER SKILLS

Excellent experience with MS Office. (MS Word, Excel, PowerPoint,
Outlook and Access)

Excellent experience with statistical software – SigmaStat

Excellent experience with imaging software – Alpha Ease, Image J

Excellent experience with Adobe software (Acrobat, Photoshop), Endnote.
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